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Directed by: Professor Jonathan P. Rothstein
Particle dispersions are ubiquitous in our daily lives ranging from food and pharmaceutical
products to inks. Of great interest in the recent years, is the formulation of functional inks to
process through potentially low-cost roll-to-roll technology to fabricate myriad flexible electron-
ics. The formulations often contain several functional additives or rheological modifiers that can
affect the microstructure, rheology and processing. The rheology of the ink formulations needs
to be tuned for optimal processing to fabricate a device with desired performance. This thesis
presents investigations on the rheology of particle dispersions and their processing in two roll-roll
technologies, gravure printing and slot-die coating.
Shear-thickening behavior is common in particle dispersions, particularly, concentrated particu-
late inks. We have investigated the elongational rheology of a shear-thickening particle dispersions,
which is important in many printing and coating applications. The effect of polymer addition to the
particle dispersions and associated interactions, with varying concentration and molecular weight,
v
was studied. We find that, an optimal polymer concentration resulted in a strong strain-hardening
behavior with a magnitude that is significantly larger than the shear-thickening magnitude.
Understanding the non-linear viscoelastic behavior of materials is important, as the deforma-
tions in processing applications are typically very large. We have investigated the non-linear vis-
coelastic behavior of three shear thickening dispersions with different thickening mechanisms.
These mechanisms include, i. flocculated by particle-polymer bridging, ii. hydrocluster formation
and iii. jamming in dense suspensions. An important finding was that, the flocculated particle dis-
persions required a very large strain amplitudes to undergo thickening by particle-polymer bridging
compared to the thickening mechanisms by hydrocluster formation and jamming.
We next have investigated the processing behavior of shear thickening particle dispersions in
roll-to-roll technologies. In gravure printing process, an efficient transfer of ink from gravure cell
to the substrate is desired to print patterns with good print quality for desired product performance.
We have conducted a study on how the rheology of a shear-thickening particle dispersion impacts
the amount of ink transfer. We have observed distinct ink transfer behaviors associated with an
extensional thickening, and an extensional thinning of the fluid at certain printing speeds, compared
to the response of a Newtonian fluid.
In a slot-die coating process, obtaining highly thin uniform films at high speeds is a challenge.
Coating formulations often have a complex rheology, which can limit coating of defect free films.
We have investigated the role of shear-thickening rheology on the stability of coating and the pro-
cess window. The onset of shear-thickening was found to reduce the maximum web speeds for
stable coating through the evolution of a ribbing defect. The presented investigations on the rhe-
ology of particle dispersions and their influence on roll-to-roll processing behavior would enable
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Roll to roll coating and printing of flexible substrates is a technology of great industrial and
commercial importance due to its high speeds, low cost and high throughput (1; 2). This technol-
ogy enables the fabrication of thin organic, inorganic and mixed organic/inorganic with nanoscale
patterns at high resolution for devices in wide applications in areas of energy, medicine and elec-
tronics. Gravure printing and slot-die coating are two important roll to roll processing technologies.
Gravure is used to produce a high quality printing, with sharp and fine images. One of the chal-
lenges in gravure printing is to attain maximum ink transfer onto the substrate. Partial emptying
of ink from cavities or generation of satellite drops in printing, results in a poor quality of printing
and can affect device performance (3).
Slot-die coating process is used to coat thin films with high uniformity at fast speeds. A stable
coating is obtained only for a certain range of coating parameters (ink flow rate and substrate
speed), called as coating window (4). Outside the coating window, several defects are observed
such as, air entrainment, ribbing, breaklines (5; 6). It is desired to have a coating window as wide
as possible. Often, obtaining thinner stable films at faster speeds is a challenge (7).
Most investigations on the ink transfer performance in gravure printing (8; 9) and the stability
of slot die coating process are often for the case of Newtonian fluids (10; 7). However, materials
formulations processed through roll to roll methods for myriad applications can often have non-
Newtonian rheological behavior (11; 12; 13). However, only relatively few studies are dedicated
to roll-to-roll processing of non-Newtonian fluids. These studies have shown that fluid rheology
can strongly influence printing and coating behaviors (14; 15; 16). In this thesis we present in-
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vestigations on the role of non-Newtonian fluid rheology in gravure printing and slot-die coating
processes.
Particle dispersions are common in many applications in our daily life. Often ink formulations
for flexible electronics are concentrated dispersions (11; 12), and can potentially exhibit shear
thickening behavior. We use shear-thickening particle dispersions as a model non-Newtonian fluid
in the investigations on the role of fluid rheology in roll to roll processing. Understanding the
shear-thickening behavior in particle dispersions is of immense interest to industry and academia,
due to their intriguing mechanisms (17; 18; 19).
We first present investigations on two rheological behaviors of shear-thickening particle dis-
persions that are relevant to many processing applications, not limited to roll-to-roll processing
methods. The second chapter, is a study on the non-linear viscoelasticity of three shear thickening
particle dispersions which exhibit different thickening mechanisms. The non-linear viscoelastic
behaviors were compared and contrasted between the three systems. The third chapter is a study
on the elongational rheology of fumed silica dispersions in an aqueous polyethylene oxides solu-
tions. The effect of particle concentration, polymer concentration and polymer molecular weight
on the elongation behavior, while comparing with the shear rheological behavior was studied. In
the fourth and fifth chapters, the investigation of the impact of shear-thickening rheology on the
liquid transfer behavior in gravure printing behavior was presented. The gravure printing flow
during the ink transfer modeled both as extension and shear deformation cases in our experiments
was presented. In the final chapter, the role of shear-thickening rheology on the maximum coating
speeds for stable coating and minimum wet coating thickness was presented.
2
CHAPTER 2
LARGE AMPLITUDE OSCILLATORY SHEAR RHEOLOGY OF
SHEAR-THICKENING PARTICLE DISPERSIONS
2.1 Introduction to shear-thickening dispersions
Particle dispersions are ubiquitous in every day life. These rheologically complex fluids are
found in a host of materials ranging from detergents, paints, food, cements, and pharmaceuticals.
Shear-thickening dispersions are one interesting class of fluids, which are of enormous amount of
interest in both academia (17) and industry (19). In a shear-thickening fluid, the viscosity abruptly
increases with increasing shear rate. A classic example is the cornstarch and water mixture known
as “oobleck”. Shear thickening can often have consequences in fluid handling causing damage in
industrial processes by breaking equipment or fouling spraying equipment and pumps. Still when
properly designed and handled, shear-thickening fluids have been exploited for a wide range of
innovative applications. Examples of these applications include developing bullet proof soft body
armor (20), machine mounts and damping devices (21; 22) and driving fluids for enhanced oil
recovery (23).
Shear-thickening in particle dispersions can occur by various mechanisms depending on the
range of particle volume fraction (24) and the nature of solvent phase (25; 26). In Brownian dis-
persions stabilized by electrostatic or steric forces, for particle concentrations ranging from small
to medium particle volume fractions, shear-thickening occurs due to the formation of hydroclusters
(19). These dense particle clusters of tightly packed particles are held together by hydrodynamic
interactions (27; 28). Beyond certain shear-rate, the hydrodynamic lubrication forces dominate all
the other colloidal forces resulting in the formation of hydroclusters. The resulting anisotropy in
3
Figure 2.1: A shear-thickening cornstarch in water suspension
the colloidal dispersions gives rise to large stress fluctuations and as a result large shear viscosities
(29). The magnitude and the critical shear-rate for the onset of the shear-thickening, is influenced
by several factors such as the thickness of polymer grafted layer, polymer molecular weight, parti-
cle size, particle surface chemistry and the viscosity of solvent medium (30; 31; 32; 33; 34).
Partial stabilization of dispersion by the adsorption of large molecular weight polymer can also
cause shear-thickening. The free ends of the adsorbed polymer chains can interact with the neigh-
boring particles by bridging to one or more particles. During flow, the shear fields facilitate inter-
action between polymer chains and particles causing flocculation of the particles by bridging with
polymer chains. The formation of such flocculated particle clusters causes shear-thickening (26).
The shear-thickening behavior depends on a number of factors including, the particle concentra-
tion, size, polymer concentration and molecular weight (26; 35; 36).
In dense non-Brownian suspensions, close to random packing fraction, shear-thickening is due
to dilatancy and eventual jamming that can result in a solid-like material (24; 37; 38; 39). To
accommodate flow, the particles dilate due to crowding/confinement via the formation a dense
jammed network of particle clusters. The dilatancy in hard-sphere dense suspensions is accompa-
nied by a positive normal stress difference (N1) (40; 41), distinct from continuous shear-thickening
due to pure hydrodynamic forces which exhibit negative normal stress difference (42; 43). Large
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stresses due to particle contact/frictional forces associated with the jammed structure are the cause
for shear-thickening (24; 37). These jammed structures are dynamic, continuously reforming and
breaking up, and are manifested by large stress fluctuations (44) and the discontinuous behavior in
shear-thickening (45).
2.2 Motivation
There has been immense interest in understanding the origins of shear-thickening behavior for
various types of particle dispersions. The shear-thickening mechanism in Brownian and non-
Brownian dense dispersions has been investigated extensively through various techniques includ-
ing experiments, simulations and light scattering (24; 26; 46; 47; 27). However, studies on vis-
coelasticity of shear-thickening dispersions, especially the non-linear shear behavior at large de-
formations, are limited to steady-shear measurements and the measurements of the fundamental
frequency moduli in oscillatory shear. Dynamic oscillatory shear rheology studies on Brownian
steric or electrostatically stabilized systems, showed strong strain-stiffening behavior in the elastic
moduli, G′1, in addition to strain-thickening in the loss moduli, G”1. The critical strain, in addition
to frequency/strain-rate, was found to affect the onset and magnitude of strain-stiffening/thickening
(25; 48; 49; 50) with the data following the Delaware-Rutgers rule. For the case of particle dis-
persions partially flocculated by polymer bridging, viscoelastic studies both linear (51; 35) and
non-linear (36; 52), indicated that for these systems elasticity has an important role in the shear-
thickening mechanism.
There have been several studies examining the non-linear viscoelasticity of dense suspensions,
although none that have been shown to shear-thicken through steady shear rheology measurements
(53; 54; 55; 56; 57). In transient shear and oscillatory shear measurements on dense suspensions,
a strong non-linear response involving a stress undershoot, associated with microstructural rear-
rangements upon shear reversal has been observed (56; 57). Nam et al. (54) have conducted LAOS
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experiments on concentrated suspensions of polymethylmethacrylate (PMMA) particles dispersed
in Newtonian fluids, and have examined the effect of various factors such as particle volume frac-
tions, medium viscosity and particle size on the non-linear behavior. The suspensions were found
to show strong strain-stiffening behavior and the behavior has been attributed to shear-induced
collision of particles (54). The critical strain amplitude for the onset of strain stiffening was found
to decrease with increasing particle volume fraction, but was found to be independent of other fac-
tors such as, the medium viscosity, imposed angular frequency, and particle size (54). There have
also been studies on shear-thickening suspensions through shear-cessation and normal stress dif-
ference measurements examining the role of elasticity associated with the shear-induced jammed
structures and liquid to solid-like transition (44; 58; 59).
The non-linear viscoelasticity studies of shear-thickening dispersions discussed to this point
have been limited only to variations of the moduli associated with the fundamental harmonics
of the imposed oscillation frequency. The higher harmonic contributions are often ignored due
to their relatively low magnitudes (52; 25). However, the viscoelastic non-linearities due to the
higher harmonics can offer important insights into the microstructural and physical mechanisms
responsible for the non-linear rheological response. Additionally, even in the absence of a clear
understanding of the physics, often a rheology fingerprint behavior can be ascribed/identified to
specific material system through LAOS measurements (60; 61). Recent developments in non-
linear rheology enabled tools to characterize the large amplitude oscillatory shear behavior through
meaningful material parameters and presentation methods (60; 61; 62).
2.3 Theoretical background
In dynamic oscillatory shear rheology, a sinusoidal strain (or stress) signal is imposed on a
material given as,
γ(t) = γosin(ω1t), (2.1)
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where γ0 and ω1 are input strain amplitude and frequency respectively. For small strain amplitudes,
the resulting stress response is also sinusoidal. The linear viscoelastic response is represented as
σ(t) = σosin(ω1t+δ1). (2.2)
The above equation can be rewritten as
σ(t) = γo[G′1(ω1)sin(ω1t)+G”1(ω1)cos(ω1t)], (2.3)
where the in-phase and out-of-phase components of the stress response are termed as storage mod-
ulus, G′1 and loss modulus, G”1. When the input strain amplitude is increased beyond a critical
value, the stress response becomes non-linear and can be represented as
σ(t,γ,ω) = Σσnsin(nω1t+δn), (2.4)
where additional higher harmonic stress components (n > 1) are present in the stress response.
Therefore, the G′1 and G”1 based on fundamental harmonic do not fully describe the mechanical
behavior beyond the linear viscoelastic limit and the higher harmonics cannot be ignored. One
common method to examine a non-linear response is by performing Fourier transform and exam-
ining the frequency spectrum (63; 64). The intensity of higher stress harmonics harmonics are
an indication of degree of non-linearity. This method has been a valuable tool for characterizing
non-linear behavior for several materials such as, polymer melts, filled rubbers (65; 66), suspen-
sions and emulsions (67; 68; 69; 70). Only odd harmonics appear in the non-linear region, and
the appearance is assumed due to odd symmetry with respect to the directionality of shear strain
(71). The appearance of even harmonics in Fourier spectrum can be attributed to the presence of
secondary flows (72), asymmetric wall slip or edge effects (73). However, Fourier transform rhe-
ology lacks a direct physical interpretation of the material response. Another common method for
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investigating non-linear response is graphical approach, where stress versus strain curves known as
Lissajous-Bowditch curves are studied. The non-linear behavior of material can be identified from
the shape of Lissajous-Bowditch or stress versus strain curve, as follows: linear - purely elastic;
circle - purely viscous; ellipse - linear viscoelastic and distorted ellipse - non-linear viscoelastic.
Thus, the progressive transition from linear to non-linear viscoelastic nature of the material with
strain amplitude can be studied from the graphical representation. The total stress can be further
be decomposed into elastic and viscous components through simple algebraic manipulations using
even and odd nature of the trignometric functions (74). Extending Cho’s stress decomposition (74)
method, Ewoldt et al. (60) proposed more physically meaningful non-linear viscoelastic measures
through representation of elastic and viscous stresses through orthogonal Chebyshev polynomials
of the first kind. Ewoldt et al. (60) have also have defined non-linear viscoelastic moduli based on
local material response at small and large instantaneous strains/strain-rates in an oscillatory cycle

















Where G′M is dynamic modulus measured at minimum strain, where the instantaneous strain-
rates approach large and G′L is a large strain dynamic modulus. These measures can be obtained
from Fourier coefficients or from numerical differentiation of the material response. In the linear-
viscoelastic regime, these measures reduced to first harmonic moduli, G′M = G′L = G′1(ω). Simi-




















Where η ′M is dynamic viscosity measured at minimum strain-rate and η ′L is dynamic viscosity
measured at maximum strain-rate. From these measures, intra-cycle viscoelastic non-linearities





The elastic non-linearity is strain-stiffening for the case when S > 0 and is strain-softening when
S < 0. While the corresponding intra-cycle viscous non-linearity, quantified as shear-thickening





For the case when T > 0, the behavior is intra-cycle shear-thinning and shear-thinning when T < 0.
A detailed description of the non-linear viscoelastic measures can be found in (61; 60)
2.4 Experimental
2.4.1 Materials
Hydrophilic fumed silica (AEROSIL @ 200) with specific surface area of 200 m2/g and primary
particle size 12 nm was graciously supplied by Degussa. Polyethylene oxide (PEO) of various
molecular weight (Mw = 600 kg/mol and 2000 kg/mol) were purchased from Aldrich Chemicals. A
fumed silica in PEO dispersion (FLOC) was prepared according to (35). A fumed silica dispersion
in polypropylene glycol (Mw = 1000 g/mol, Aldrich Chemicals) (HydroC) was prepared according
to Chellamuthu et al. (18). Cornstarch was purchased from a local grocery store and the cornstarch
suspension in water (JAM) was prepared according to Bischoff White et al. (75).
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2.4.2 Shear rheometry
Shear rheology was conducted on a stress-controlled TA DHR-3 rheometers using a 40 mm 2◦
aluminum cone-plate geometry at a constant temperature of 23◦C temperature. A solvent trap was
used to prevent sample evaporation during measurements. The samples were pre-sheared before
conducting any rheological measurements to erase any shear history during sampling preparation
and handing and allowed to rest for few minutes to reach equilibrium (76; 34; 35). Steady shear
rheological measurements were conducted in the shear rate range of 0.01 to 100 s−1. The small
amplitude oscillatory shear tests were conducted in the frequency range 1 to 100 rad/s, with a
fixed strain amplitude chosen to place the measurements well within the linear viscoelastic re-
gion. The large amplitude oscillatory shear measurements were conducted for strain amplitude
range between 0.01 to 1000 % for different frequencies between 3 and 30 rad/s. The high frequen-
cies were used to insure that the solutions were probed at shear rates where shear thickening was
observed in the steady shear measurements. A sufficient number of oscillatory cycles were run,
ranging from 30 to 80, to ensure a steady-state measurement. The non-linear viscoelastic mate-
rial parameters such as, the Lissajous-Bowditch plots and the non-linear viscoelastic parameters
such as minimum/maximum-strain dynamic moduli and minimum/maximum-rate dynamic viscos-
ity, were obtained using the Fourier-transform software application of the TA DHR-3 rheometer.
The FT-Rheology application processes the raw torque signal and the extracts non-linear param-
eters from the reconstructed/filtered signal. The reconstructed stress signal was double checked
with the steady raw stress signal to check for poor reconstruction of any noisy signal. The data
points affected by noise or inaccurate analysis of the TRIOS software were either excluded from
the manuscript or the non-linear viscoelastic parameters were recalculated from the Lissajous-
Bowditch plots. As the LAOS measurements were performed on a stress controlled rheometer,
the data can be affected by inertia (77). An oscillatory mapping of the geometry was performed
to compensate for the influence of instrument inertia. However, when the torque generated by
instrument inertia is large, the rheometer’s compensation routines are not sufficient to completely
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eliminate the effect of instrument inertia. To insure high quality data, the relative ratio of inertia
torque to sample torque, Tinertia/Tsample, was checked for each experimental data point. When the
ratio of inertial torque to sample torque was greater than 20 %, Tinertia/Tsample > 20 %, the data
was discarded. Merger and Wilhelm (77) demonstrated that, beyond a ratio of 20 %, the sample
response is affected by instrument inertia. However, below a ratio of 20 %, quantitative agreement
between measurements on strain controlled and stress controlled rheometers can be achieved. Any
experimental artifacts such as wall slip and edge fracture in measurements are identified by exam-
ining the presence of even harmonic intensity which are sensitive to asymmetric artifacts (73). For
all cases, the magnitude of even harmonics were found to be very small. For FLOC and HydroC
dispersions, the intensity of even harmonics relative to the fundamental (I2/I1) were found to be
less than 1 % and for JAM the even harmonics (I2/I1) were found to be less than 7 %. All LAOS
measurements were repeated several times to ensure consistency in the trends and are reproducible.
2.5 Results and Discussion
Here we present a non-linear viscoelasticity investigation of three particle dispersions which
shear-thicken by three different mechanisms. The first material system is fumed silica nanopar-
ticles (4.5 wt%) dispersed in aqueous PEO (0.4 wt%) of Mw = 600 kg/mol (FLOC). This sys-
tem shear-thickens due to shear-induced formation of large particle clusters flocculated by poly-
mer bridging (35; 26). The second system is fumed silica nanoparticles (20 wt%) dispersed in
polypropylene glycol (HydroC). Shear-thickening in this system occurs due to the formation of hy-
droclusters where the lubrication hydrodynamic forces play an important role in shear-thickening
(19; 18). The third system is a dense suspension of cornstarch in water (56 wt%) (JAM). This
system shear-thickens by jamming mechanism, where the frictional/contact forces of the jammed
particle clusters are responsible for the increase in viscosity (37; 38). The shear-thickening mech-
anisms of the three systems will be discussed in more detailed in the next section. The sample
11
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Figure 2.2: Steady shear viscosity as a function of shear rate for a series dispersions of () FLOC,
( ) HydroC and (3) JAM.
preparation and the experimental protocol for rheology characterization was described in the sec-
tions 3.2.1 and 3.2.2. The three systems are labeled based on their shear-thickening mechanisms
to make the interpretations easier. The objective of this study is to identify the viscoelastic non-
linearities associated with each mechanisms and compare/contrast between the three mechanisms.
Prior to studying LAOS behavior, steady-shear and small amplitude oscillatory shear rheology
behavior will be presented.
2.5.1 Steady shear rheology
The steady-shear rheology of three particle dispersions, FLOC, HydroC and JAM are shown in
Figure 2.2. The three dispersions exhibited shear-thickening by more than an order of magnitude
at imposed shear rates between 2 s−1 and 10 s−1. The different mechanisms by which the three
dispersions shear thicken have been well studied in literature. For the case of FLOC colloidal
dispersion, the higher molecular weight PEO polymer has a strong affinity for adsorption onto the
fumed silica surface through hydrogen bonded interactions (78). Under shear flow, the free ends of
polymer chains adsorbed onto particles at equilibrium can adsorb onto more neighboring particles
and can create a larger particle clusters bridged by polymer chains. Beyond a critical shear-rate
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the increase in the cluster formation due to bridging of more particles by polymer chains induced
by shear fields, results in a strong increase in the viscosity and the observed shear-thickening
(26; 35; 36).
The second system, HydroC colloidal dispersion, shear-thickens by hydrocluster mechanism
(19). At very low Peclet number, Pe = a2 γ˙/D0, the microstructure relaxes through Brownian
mechanism. Here D0 is the diffusion coefficient of the particles in solution and a is the particle
size. As the Peclet number is increased, the hydrodynamic forces begin to compete with Brownian.
Beyond a critical increase in Peclet number, when the hydrodynamic forces predominate over
Brownian, can result in the formation of large anisotropic hydroclusters. These hydroclusters are
associated with large lubrication hydrodynamic forces and cause shear-thickening (19; 25; 18).
For the case of JAM, a dense non-Brownian suspension, the shear-thickening behavior is due to
dilatancy and eventual jamming (24; 37; 38; 39). Due to confinement of the particles within bound-
aries and crowding at high volume fractions, the particles jam into the neighbouring particles in-
order to accommodate the imposed flow. The resulting large stresses associated with the frictional
forces due to particle contacts when jammed, are the cause for shear-thickening (24; 37; 38).
2.5.2 Small amplitude oscillatory shear rheology (SAOS)
The SAOS behavior is compared between the three shear-thickening dispersions in Figure 2.3.
The FLOC exhibited a gel-like response, where the storage modulus, G′1, and loss modulus, G”1,
were approximately independent of frequency. The predominantly elastic response is likely the
result of gel-like microstructure at equilibrium resulting from the hydrogen bonded interactions
between PEO polymer and silica groups of nanoparticles (35; 79). The HydroC dispersion, in
contrast to FLOC, exhibited predominantly viscous-like behavior, where the loss modulus was
consistently larger than the elastic modulus, G”1 > G′1, in the frequency range tested. Both the
elastic and loss modulus scale approximately with a similar power law with frequency. These ob-
servations were consistent with the literature (80). The JAM suspension exhibited approximately
13
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Figure 2.3: Linear viscoelastic measurements of the storage modulus (filled symbols) and loss
modulus (hollow symbols) as a function of angular frequency for a series of dispersions of ()
FLOC, ( ) HydroC and () JAM.
a frequency independent behavior, with G′1 > G”1 indicating predominantly elastic behavior. At
low concentrations the microstructure formed in particle dispersions typically relax through Brow-
nian motion at equilibrium (81). However, because of the high particle volume fraction in the
cornstarch-water (φ = 0.45), the relaxation time scales increase as the diffusivity of the particle is
reduced, τ ∼ D−10 , due to increased confinement between neighboring particles. The result is an
increased elasticity as observed in Figure 2.3 and seen in the literature (81; 82).
2.5.3 Large amplitude oscillatory shear rheology (LAOS)
2.5.3.1 Fumed silica in PEO (FLOC)
The large amplitude oscillatory shear behavior of fumed silica in PEO (FLOC) at different fre-
quencies ranging from 10 to 30 rad/s is shown in Figure 2.4. The angular frequencies were chosen
to ensure that the non-linear response of the fluid would be well into the shear-thickening regime
observed in Figure 2.2. The storage, G′1, and loss modulus, G”1, were found to be independent of
percent strain until about two or three percent strain, indicating linear viscoelastic behavior below
that point. The storage modulus was approximately two orders of magnitude larger than the loss
14
0 . 4 1 1 0 1 0 01
1 0
1 0 0






S t r a i n  [ % ]
Figure 2.4: Storage modulus (filled symbols) and loss modulus (hollow symbols) as a function of
strain amplitude for FLOC. The data include experiments at several frequencies of () 10 rad/s
and ( ) 30 rad/s.
modulus indicating predominantly elastic behavior which is consistent with small amplitude oscil-
latory shear behavior shown in Figure 2.3. Beyond the linear viscoelastic limit (LVE), the elastic
modulus was observed to decline with increasing strain, whereas the loss modulus exhibited a weak
overshoot before declining at large strains. Such plastic non-linear behavior at large amplitudes is
typical of weak colloidal gels (83) even those that are shear-thinning. The first-harmonic moduli
response does not appear to be universal for colloidal systems flocculated by polymer bridging,
some of those systems which shear-thicken in steady-shear by the same shear-induced bridging
mechanism have been shown to possess an increased G′1 and G”1 in the non-linear region (52).
The likely cause for the differences in response will be discussed in the later sections. The LAOS
response for different frequencies showed no significant quantitative or qualitative differences in
the trends in G′1 and G”1 behavior with increasing strain amplitude.
In the non-linear viscoelastic region, higher harmonic stresses arise (64). Although, the domi-
nant response was found to be from the first harmonic, additional insights can be gained from the
response due to higher harmonics contribution. The non-linear response of FLOC can be visual-














Frequency,  [rad/s] 
10 rad/s 30 rad/s 
 = 1 %, max= 3.7 Pa 1 %, 3.6 Pa 
1.7 %, 5.5 Pa 
2.8 %, 7.4 Pa 
4.7 %, 5.5 Pa 2.8 %, 7.7 Pa 
12.5 %, 4.3 Pa 
4.7 %, 7.1 Pa 
21.6 %, 3.9 Pa 
6 %, 6.3 Pa 
7.8 %, 5.6 Pa 
7.8 %, 4.9 Pa 
Figure 2.5: Elastic Lissajous-Bowditch plots, (blue) total stress and (black) elastic versus strain,
for FLOC dispersion for several different strain amplitude and frequency. The raw waveforms are
also co-plotted in black lines.
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Figure 2.6: Non-linear viscoelastic measures a) G′L (filled symbols), G′M (hollow symbols) and b)
η ′L (filled symbols), η ′M (hollow symbols) as a function of strain amplitude for FLOC. The data
include experiments at frequencies of () 10 rad/s and ( ) 30 rad/s.
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presented in Figure 2.5. As expected, in the linear viscoelastic limit at small strains, the resulting
elastic Lissajous-Bowditch plots were found to be straight lines. In the non-linear regime, the plots
become distorted due to the contribution of higher order harmonics.
The non-linearities of FLOC were further examined through the local viscoelastic material
properties quantified within an oscillatory cycle. The minimum-strain dynamic moduli, G′M, and
large-strain dynamic moduli, G′L, are shown in Figure 2.6a as a function of strain amplitude. In
the LVE region, these measures reduce to first-harmonic storage modulus as expected. In the non-
linear region, both G′M and G′L were found to decrease with increasing strain amplitude for all
frequencies, indicating a softening behavior with both increasing imposed strain and strain rate
within an oscillatory cycle. The minimum-strain (maximum-strain rate) modulus, G′M, was found
to decrease more quickly than the large-strain (minimum-strain rate) modulus, G′L, with increasing
strain amplitude. This suggests that the elastic non-linearity of FLOC is dominated by strain-rate-
softening of the elastic modulus. The strain-rate-softening behavior is likely due to alignment of
the microstructure to the flow fields.
The elastic non-linearities were further examined through the measure, stiffening ratio, S, plot-
ted as a function of applied strain amplitude in Figure 2.7a. In the linear viscoelastic limits, where
the elastic Lissajous-Bowditch plots look like straight lines, the stiffening ratio is S ∼ 0 as ex-
pected. As described in the theoretical background section, the stiffening ratio given by equation
eq9 describes whether the elastic modulus softens, S < 0, or stiffens, S > 0, with increasing strain
within an oscillatory cycle. In the non-linear region, beyond a strain of 4 %, the LAOS behav-
ior of the FLOC within an oscillatory cycle was found to be strain-stiffening, S > 0. This can
be observed in the elastic Lissajous-Bowditch plot as a sharp upturn in the stress at large strains.
However, the behavior is in contrast to the large-strain dynamic moduli, G′L, which was found to
soften with increasing imposed strain amplitude. This discrepancy is the result of the definition
of the stiffening ratio and can lead to misinterpretation of the results. The stiffening ratio can be
greater than zero, S > 0, if the large strain modulus, G′L, stiffens more quickly than the minimum
18
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Figure 2.7: a) Stiffening ratio and b) Thickening ratio as a function of strain function of strain
amplitude for FLOC. The data include experiments at frequencies of () 10 rad/s and ( ) 30
rad/s.
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strain modulus, G′M, or if G′M softens more quickly than G′L. Thus S> 0 can be interpreted as either
strain-hardening or strain-rate softening of the material and only through examination of G′L and
G′M can the distinction be made and the interpretation of the data be valid.
In an oscillatory cycle, the strain and strain-rate vary orthogonally. As a result, within an oscil-
latory cycle, the strain rate goes to zero as the strain is maximized and vice versa. The elastic stress
response within a given cycle can thus be affected by either the varying strain and/or the varying
strain-rate. For the case of FLOC, based on the measurements of G′L and G′M, the dominant non-
linearity within the cycle is a softening with increasing strain-rate. Therefore, the non-linearity of
FLOC within a cycle can be interpreted as strain-rate-softening rather than strain-stiffening.
Similarly, the corresponding viscous non-linearities can be examined graphically from viscous
Lissajous-Bowditch plots. These stress versus strain-rate plots are presented in the Figure 2.8.
The viscous non-linearity quantified through the measures, minimum strain-rate dynamic viscos-
ity, η ′M, and the large strain-rate dynamic viscosity, η ′L, are also shown in Figure 2.6b. Both the
measures showed mild thickening behavior at medium strain amplitudes and thinning behavior at
large strain amplitudes. However, the non-linearity of η ′L was found to be stronger than η ′M sug-
gesting predominant strain-rate thickening at moderates strains followed by a strain-rate thinning
behaviors with increasing strain amplitude.
The viscous non-linearities are quantified using the shear-thickening ratio, T , and are presented
in Figure 2.7b. As described in the theoretical background section, the shear-thickening ratio
given by equation eq10 describes whether the viscosity thins, T < 0, or thickens, T > 0, with
increasing strain rate. The shear thickening ratio of the FLOC was found to exhibit the same
shear-thickening and shear-thinning behavior with increasing strain amplitude as η ′M and η ′L. The
shear-thickening behavior of the FLOC at medium strain amplitudes is commonly attributed to the
transients present at the start-up for colloidal systems (83). Such behavior could be related to the
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Figure 2.8: Viscous Lissajous-Bowditch plots, (red) total stress and (black) viscous versus strain,
for FLOC dispersion for several different strain amplitude and frequency. The raw waveforms are
shown in black lines.
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Figure 2.9: Viscosity evolution under fixed shear rate for shear-thickening dispersions of ()
FLOC at a shear rate of γ˙ = 20 s−1, ( ) HydroC at γ˙ = 7 s−1 and (3) JAM (53 % Cornstarch
in water) at γ˙ = 15 s−1.
shear (19; 84). The strain-rate thinning at large strain amplitudes could be due to orientation or
yielding of microstructure to the flow fields (26; 84).
If the viscous non-linearities of the FLOC observed through LAOS are compared with the
steady-shear measurements in Figure 2.2, a shear-thickening of the viscosity is expected for shear-
rates between 4 s−1 and 20 s−1. However, as seen in Figures 2.6b, 2.8 and 2.7b, this is clearly not
the case. The inconsistency between the steady shear and LAOS measurements indicates a sen-
sitivity of the associated shear-thickening mechanism to the instantaneous shear rates and strains
imposed during the oscillatory cycle. Unlike steady-state deformation, the shear rates are not con-
stant throughout a LAOS experiment. This can be demonstrated with a simple stress growth exper-
iment. In Figure 2.9 viscosity is plotted against accumulated strain for our three fluids at a constant
shear rate. At shear-rates where shear-thickening occurs, the viscosity of FLOC grows to a steady-
state value only after a significant amount of strain is accumulated. This suggests that a minimum
strain, in addition to a minimum shear-rate, is necessary for shear-thickening by the associated
mechanism for these nanoparticle-polymer systems. In fact, the strains needed to achieve shear
thickening for the HydroC are so large, γ > 100,000 %, that they cannot be achieved in LAOS.
At smaller strains, the steady-shear viscosity of FLOC solution thins with increased strain. By
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comparison, the strains needed to induce shear-thickening for both the HydroC or JAM are two or
three orders of magnitude smaller and easily obtainable in LAOS. Interestingly, the first-harmonic
moduli for some colloidal systems flocculated by polymer bridging which also shear-thicken in
steady-shear by the same shear-induced bridging mechanism, show a contrasting increase in both
the elastic and viscous modulus in the non-linear deformation range (52). These differing obser-
vations could be due to the difference in the critical strains associated with each material system
required for shear-thickening to occur, however, the experiments of Otsubo do not contain the start
up data needed to make this hypothesis conclusive.
To summarize the LAOS behavior of FLOC, the system exhibited both strain softening and
strain-rate softening of the elastic non-linearity. The strain-rate softening behavior appeared to
be dominant over strain-softening response resulting in a positive stiffening ratio. The strain-rate
softening behavior is likely due to yielding or break down of the microstructure. The viscous non-
linearity exhibited mild strain-rate thickening at medium strain-rates which could be due to dissi-
pation of the equilibrium gel like microstructure. At large strain amplitudes, the behavior evolved
to strain-rate thinning associated with microstructure yielding. In comparison to steady-shear,
shear-thickening behavior by shear-induced mechanism was not observed in large amplitude oscil-
latory. The stress growth measurements indicated that very large strain amplitudes are required for
shear-thickening to occur by such mechanism too large in fact to be achieved in LAOS.
2.5.3.2 Fumed silica in PPG (HydroC)
The amplitude sweeps of the solution of fumed silica in PPG (HydroC) for angular frequencies
ranging from 3 to 30 rad/s are shown in Figure 2.10. In the LVE region, the loss modulus were
found to be greater than storage modulus, G”1 > G′1, which indicates a predominantly viscous
behavior. With increasing strain amplitude, both G’ and G” initially showed strain softening/strain-
rate thinning behavior. This behavior became weaker as the frequency was increased. The strain
softening/strain-rate thinning behavior could be due to alignment of the microstructure to the flow
23
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Figure 2.10: Storage modulus (filled symbols) and loss modulus (hollow symbols) as a function of
strain amplitude for HydroC. The data include experiments at several frequencies of (3) 3 rad/s,
() 10 rad/s and (©) 30 rad/s.
fields, similar to the shear-thinning regime observed in steady-shear behavior shown in Figure 2.2.
Beyond a critical strain amplitude, both G′1 and G”1 were found to dramatically increase by more
than an order of magnitude with increasing strain indicating both a strong strain-stiffening and a
strong strain-rate thickening behavior (25; 18). The critical strain required for the onset of strain-
stiffening/thickening was seen to decrease with increasing angular frequency. This is likely due to
an increasing Peclet number with increasing frequency and increased importance of the imposed
flow tresses compared to diffusion.
The elastic non-linearity of HydroC can be examined through the elastic Lissajous-Bowditch
plots shown in Figure 2.11. The corresponding quantified non-linear elastic measures, the minimum-
strain dynamic moduli, G′M, and the large-strain dynamic moduli, G′L are shown in Figure 2.12a. At
small strain amplitudes, the magnitudes of G′M and G′L were approximately equal indicating little
non-linearity. Beyond a critical strain amplitude, both the G′M and G′L were found to increase dra-
matically with strain amplitude. This indicates a strong strain-stiffening and strain-rate-stiffening
behavior similar to what was observed for the first-harmonic of the elastic moduli. Throughout
the stiffening region, the magnitude of G′M was found to be slightly larger than G′L. This stiffen-
ing within an oscillatory cycle can be observed graphically from the distorted elastic Lissajous-
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Figure 2.11: Elastic Lissajous-Bowditch plots, total stress versus strain, for HydroC dispersion for
several different strain amplitude and frequency. The raw waveforms are shown in black line.
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Figure 2.12: Non-linear viscoelastic measures a) G′L (filled symbols), G′M (hollow symbols) and
b) η ′L (filled symbols), η ′M (hollow symbols) as function of strain amplitude for HydroC. The data
include experiments at several frequencies of (3) 3 rad/s, () 10 rad/s and (©) 30 rad/s.
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Bowditch plots shown in Figure 2.11 and result in softening of the stiffening ratio, S < 0, at large
imposed strain amplitudes. As before, this result can be misinterpreted because it is not due to
the softening of the moduli within a cycle, but the more rapid stiffening of the minimum strain
(maximum strain rate) modulus, G′M, compared to the large strain modulus, G′L, as seen in Fig-
ure 2.12a. This is another example where the stiffening ratio can mask some of the details in the
underlying non-linear rheology when an elastic response is dominated by non-linearities associated
with increasing strain-rates. The appropriate interpretation thus is that the elastic nonlinearities of
HydroC are strain-rate stiffening.
The viscous non-linearities can be graphically visualized through viscous Lissajous-Bowditch
plots shown in Figure 2.11. The non-linear quantities, minimum strain-rate dynamic viscosity,
η ′M, and large strain-rate dynamic viscosity, η ′L, were also presented in Figure 2.12b. Like the
elastic non-linearities for HydroC, both η ′M and η ′L increase dramatically beyond a critical oscil-
latory strain amplitude. This is indicative of strain thickening and strain-rate thickening behavior
mirroring the response of the first-harmonic of loss modulus.
The details of non-linearities of HydroC within an oscillatory cycle were also investigated
through the thickening ratios shown in Figure 2.14b. For the ω = 3 rad/s frequency case, in the
thickening region, the maximum shear-rate dynamic viscosity, η ′L, was found to be consistently
larger than the minimum shear-rate dynamic viscosity, η ′M, resulting in a positive thickening ratio,
T > 0. This behavior is consistent with the variations in the loss modulus observed in Figure 2.10.
While for the larger frequency tested, ω > 3 rad/s, η ′M was found to be consistently larger than
η ′L, resulting in a thinning of the thickening ratio, T < 0. This suggests that the appearance of
shear-thinning in the Lissajous-Bowditch plots is predominantly due to strain-induced thickening
of η ′M within the cycle. At these high frequencies, the shear rates through out most of the cycle
is likely sufficient to induce hydrocluster formation and as a result with increasing strain more
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Figure 2.13: Viscous Lissajous-Bowditch plots, total stress versus strain-rate, for HydroC dis-
persion for several different strain amplitude and frequency. The raw waveforms (black line) are
co-plotted along with the reconstructed data.
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Figure 2.14: a) Stiffening ratio and b) Thickening ratio as a function of strain function of strain
amplitude for HydroC. The data include experiments at several frequencies of (3) 3 rad/s, () 10
rad/s and (©) 30 rad/s.
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Figure 2.15: Storage modulus (filled symbols) and loss modulus (hollow symbols) as a function of
strain amplitude at 10 rad/s for JAM.
To summarize, the HydroC at large strain amplitudes exhibited strong strain-stiffening and
strain-rate stiffening non-linearities associated with hydrocluster mechanism. By comparison,
however, the magnitude of the stiffening driven by the increasing large imposed strain-rates within
a cycle was found to be more significant than the non-linearities induced by increasing the strain
amplitudes within an oscillatory cycle. The corresponding viscous non-linearities showed strong
strain-thickening and strain-rate thickening behavior at large strain amplitudes. However, the thick-
ening behavior was found to depend on frequency. For low frequencies, ω = 3 rad/s, the thick-
ening was dominated by non-linearities associated with the behavior at strain-rates. While at high
frequencies, ω > 3 rad/s, the thickening of the viscosity was dominated by large-strain-induced
non-linearities and was less sensitive to increasing strain rates within an oscillatory cycle.
2.5.3.3 Cornstarch in water (JAM)
The amplitude sweep of cornstarch in water (JAM) at 10 rad/s frequency is shown in Fig-
ure 2.15. Unfortunately, the study at a wider frequency range was not possible due to experimental
difficulties. At small strain amplitudes, the storage modulus was found to be larger than the loss
modulus, G′1 >G”1, indicating a predominantly elastic behavior. With increasing strain amplitude,
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the moduli initially declined, indicating a strain softening/strain-rate thinning behavior. This be-
havior is likely due to the alignment of particles to the shear-fields, similar to shear-thinning regime
in steady-shear rheology shown in Figure 2.2. Note that in Figure 2.15, data points appear to be
missing at moderate strains of 3 % and 80 %. Using the protocol described in the experimental
section, the data within this range was found to affected by instrument inertia and was removed.
This was caused primarily by shear thinning of the fluid viscosity and the resulting reduction of
the viscous stresses. At larger strains, the onset of shear thickening increased the shear stress by
more than an order of magnitude. As a result, at these larger strains, the inertial contribution to the
measured torque again fell below the 20 % threshold and the data was included. At large strains,
both storage and loss moduli showed strong strain stiffening/strain-rate thickening behavior. The
mechanism for the stiffening/thickening behavior appears to be similar to jamming that has been
observed in steady-shear measurements. Such stiffening of elastic modulus has also been reported
for dense non-colloidal suspensions and has been attributed to shear-induced migration of particles
(54).
The elastic non-linearities of JAM can be visualized through the Lissajous-Bowditch plots are
presented in Figure 2.16. The non-lineartiy was examined through the measurements of minimum-
strain dynamic modulus, G′M, and the large-strain dynamic modulus, G′L, as a function of an applied
strain as shown in Figure 2.17a. At low strain, the moduli were both found to soften with increas-
ing strain amplitude. At the largest strains tested, this behavior was found to reverse itself and a
strain stiffening and a strain-rate stiffening of the moduli was observed. The critical strain for the
transition from softening to stiffening was similar to that observed for the first harmonic storage
modulus. In the softening region, the minimum-strain dynamic modulus, G′M, was found to de-
crease slightly faster than the large strain-dynamic modulus, G′L. While in the stiffening region,
the G′M was observed to grow much more quickly than G′L. This behavior suggests that the elastic
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Figure 2.16: Elastic (blue) and viscous (red) Lissajous-Bowditch plots, total stress vs. strain/strain-
rate for JAM suspension for several different strain amplitude at 10 rad/s. The raw waveforms
(black line) are co-plotted along with the reconstructed data.
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Figure 2.17: Non-linear viscoelastic measures a) G′L (filled symbols), G′M (hollow symbols) and b)
η ′L (filled symbols), η ′M (hollow symbols) as a function of strain amplitude for JAM.



























Figure 2.18: Stiffening ratio (filled symbols) and Thickening ratio (hollow symbols) as a function
of strain amplitude at 10 rad/s for JAM suspension.
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To further illustrate the elastic non-linearities observed within a given oscillatory cycle, the
stiffening ratio is shown in Figure 2.18a. As we have seen a number of times already, the stiffening
ratio is misleading. At intermediate strains, the stiffening ratio was found to be strain-stiffening,
S > 0, not because the moduli are increasing, but because the minimum strain (maximum strain
rate) modulus increases faster than the large strain modulus. Additionally, at large strains, the
stiffening ratio appears to be strain-softening, S < 0. As a result, the appropriate interpretations
of the non-linearities occuring within an oscillatory cycle is that at moderate strain amplitudes
the elastic nonlinearities of the JAM system were strain-rate softening and at large applied strain
amplitudes the elastic non-linearities transition to a strain-rate stiffening behavior as the particles
begin to interact and suspension begins to jam.
The viscous non-linearity of JAM can be visualized through Lissajous-Bowditch plots in Fig-
ure 2.16. The non-linearities were quantified through the local measurements of minimum strain-
rate dynamic viscosity, η ′M, and the large strain-rate dynamic viscosity, η ′L, as shown in Fig-
ure 2.17b. Both the viscosities initially exhibited strain/strain-rate thinning behavior at small
strains. At large strain amplitudes, this behavior reversed itself becoming strain/strain-rate thick-
ening. This behavior is quite similar to observations of first-harmonic loss modulus. The strain-
thickening was found to be as much as two orders of magnitude stronger than the strain-rate thick-
ening. This observation makes intuitive sense as it is the solid-solid interaction between particles
that are known to cause shear thickening in these JAM systems.
The non-linearities within an oscillatory cycle can be further examined through thickening ra-
tios shown in Figure 2.18b. The thickening ratio at medium strains was found to show shear-
rate-thinning. At large strain-amplitudes, the thickening ratio remained shear-thinning even as
both the dynamic viscosities transitioned to strain-rate thickening. This inconsistency, is again
a result of the details of the oscillatory cycle. Both η ′M and η ′L increase with applied strain, but
the minimum strain-rate (maximum strain) viscosity η ′M increases much more quickly resulting
in a thinning within the cycle as the strain rate is increased, even though both viscosities show
34
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Figure 2.19: A comparison of first harmonic moduli for the three dispersions () FLOC, ( )
HydroC and () JAM. The data include storage modulus (filled symbols) and loss modulus (hollow
symbols) as a function of strain amplitude at 10 rad/s.
dramatic thickening when compared to the viscosity at small strains. A complete analysis of the
viscous LAOS measurements for JAM indicates the observed non-linearities are the result of a
strong strain-thickening behavior across all the strains applied.
To summarize the LAOS behavior of JAM, the elastic non-linearity with increasing strain am-
plitude was found to be strain/strain-rate softening behavior at applied strains just larger than the
linear viscoelastic limit, followed by a strong strain/strain-rate stiffening behavior at larger ap-
plied strains. The viscous non-linearity initially showed strain/strain-rate thinning at small applied
strains and evolved to strong strain/strain-rate thickening with increasing applied strain amplitude.
The viscous non-linearities were dominated by strain thickening of the minimum strain-rate dy-
namic viscosity.
2.6 Conclusions
Large amplitude oscillatory shear behavior was investigated for three shear-thickening disper-
sions, FLOC, HydroC and JAM, which shear-thicken by different mechanisms. The first material
FLOC shear-thickens due to shear-induced formation of particle clusters flocculated by polymer
bridging. The second system HydroC, shear-thickens by the formation of hydroclusters. The third
35




1 0 0 0






S t r a i n  [ % ]
a )











S t r a i n  [ % ]
b )
Figure 2.20: A comparison of non-linear viscoelastic measures as a function of strain amplitude at
10 rad/s for the three dispersions () FLOC, ( ) HydroC and () JAM. The data include elastic
measures, a) G′L (filled symbols) and G′M (hollow symbols), and dynamic viscosity measures, b)
η ′L (filled symbols) and η ′M (hollow symbols).
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system JAM shear-thickens by jamming mechanism. The viscoelastic non-linearities were exam-
ined through Lissajous-Bowditch plots and through local non-linear measures of an oscillatory
cycle such as, G′M, G′L, η ′M and η ′L. The viscoelastic non-linearities of the three shear-thickening
systems are summarized in Table 2.1. The first harmonic moduli and the local non-linear viscoelas-
tic measures of the three systems are compared in Figures 2.19 and 2.20 respectively.
The first harmonic moduli response of the three shear-thickening systems indicated that, at
moderate strain-amplitudes, both HydroC and JAM have exhibited strain/strain-rate softening and
strain/strain-rate thinning behavior, associated microstructure alignment to the flow fields. How-
ever, the thinning/softening behavior of HydroC was considerably less pronounced than JAM.
While at large strain amplitudes, both HydroC and JAM have showed strong strain/strain-rate
stiffening and strain/strain-rate thickening behaviors associated with hydroclusters formation and
the inter-particle jamming mechanisms. However, the stiffening/thickening in JAM was found to
much more dramatic than HydroC and larger by more than an order magnitude. The viscous
non-linearities of HydroC and JAM were found to present strain and strain-rate thickening in
good agreement with the steady-shear behavior. While the FLOC, in contrast, was found to show
strain/strain-rate softening elastic non-linearity throughout the non-linear regime tested here. The
viscous non-linearity did exhibit a mild strain/strain-rate thickening at medium strain-rates which
could be due to dissipation of the equilibrium gel like microstructure, but at large strain ampli-
tudes, the behavior evolved to strain/strain-rate thinning associated with microstructure yielding.
This response is quite different from the steady-shear behavior of FLOC. When the viscous non-
linearity of FLOC is compared with steady-shear, no strain-rate thickening was observed, even
though the critical strain-rates necessary for strain-thickening are achieved. The stress growth ex-
periments indicated that large strains are required for strain-thickening to occur by the associated
shear-induced polymer bridging mechanism, leading to this discrepancy. However, both HydroC
and JAM were found to need relatively smaller strain amplitudes to induce shear-thickening by the
associated mechanisms.
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The non-linear viscoelastic moduli, G′M, G′L, η ′M and η ′L were examined to study the effect
of strain and strain-rate on viscoelastic non-linearites within a given LAOS cycle. For all three
shear-thickening systems, the trends of the non-linear viscoelastic moduli with increasing strain
amplitude were found to be qualitatively similar to the first harmonic moduli throughout the non-
linear range. However, the relative dominance of strain or strain-rates driving the viscoelastic
non-linearities has been found to vary between the shear-thickening systems, yielding a LAOS fin-
gerprint that can be used to differentiate between the three different shear thickening mechanisms.
A summary of these finding can be found in Table 2.1 with the dominant modes highlighted in
bold. For all three shear-thickening systems, as seen in Figure 2.20, the elastic non-linearities
were found to be primarily driven by strain-rates rather than the strain amplitude. For the case
of FLOC the behavior was predominantly strain-rate softening throughout the non-linear range.
While for HydroC, the non-linearity was very weak at moderate strain amplitudes. However at
large strain amplitudes, the strain-rate stiffening was found to be slightly more important than the
strain-stiffening. For the case of JAM, the behaviors were predominantly strain-rate softening,
followed by a strain-rate stiffening with increasing strain amplitude.
Similarly, the corresponding viscous non-linearities were examined through dynamic viscosi-
ties, η ′M and η ′L, to study the relative importance of strain or strain-rates in the viscous non-linearity
of the three shear-thickening systems. A comparison of the viscous non-linearities of all three sys-
tems is presented in Figure 2.20. The FLOC was found to exhibit a predominantly strain-rate
dominant viscous non-linearity throughout the non-linear regime. At medium strain amplitudes
the response was mildly strain-rate thickening. At large strain amplitudes, the behavior evolved
to strain-rate thinning. For the case of FLOC, the viscous non-linearities were found to be domi-
nated by the effect of increasing strain-rates. While for HydroC and JAM, the relative dominance
of strain or strain-rate induced viscous non-linearity was found to depend on the strain amplitude
and frequency. For the case of HydroC, at low frequency of ω = 3 rad/s, the strain-rate thick-
ening at large strain amplitudes was found to be a little larger than strain-thickening. While at
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higher frequency, ω > 3 rad/s, the strain-thickening behavior was found to be modestly stronger
than the strain-rate thickening. In both cases, the degree of strain and strain-rate thickening were
essentially the same. For the case of JAM, at medium strain amplitudes, the behavior was predom-
inantly strain-rate thinning. While at large strain amplitudes, the dominant behavior of JAM was
strain-thickening rather than strain-rate thickening. The predominant strain-induced thickening
behavior at large strain amplitudes of JAM is similar to that of HydroC observed at high frequen-
cies. However, the magnitude of viscoelastic non-linearities occuring within a LAOS cycle for
the case HydroC were very much smaller than what was observed in the case of either FLOC or
JAM. In this LAOS study, we have observed strong differences in the viscoelastic non-linearities
of the three shear-thickening systems in both strain and strain-rate space, although they share a
common shear-thickening feature in steady-shear. We believe this LAOS study offered valuable
insights into the viscoelastic non-linearities of three shear-thickening dispersions each with a dif-
ferent shear-thickening.
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Table 2.1: A tabulated summary of viscoelastic non-linearities of the three shear-thickening sys-
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ELONGATIONAL RHEOLOGY OF SHEAR-THICKENING FUMED
SILICA NANOPARTICLES DISPERSIONS IN AN AQUEOUS
POLYETHYLENE OXIDE SOLUTION
3.1 Motivation
Extensional flows are of significant importance in many applications such as agrochemical
spraying, enhanced oil recovery, coating flows, fibre spinning, food processing and coating flows
(85; 15; 23). However, there are limited studies dedicated to the extensional rheology of sus-
pensions and colloidal dispersions when compared to shear. Bischoff White et al. (75) studied
the extensional rheology of corn starch in water suspensions using filament stretching extensional
rheometer (FiSER) and capillary breakup extensional rheometer (CaBER), to investigate the mech-
anism of strain hardening. The corn starch in water suspensions demonstrated a strong extensional
hardening beyond a critical extensional rate. The extensional-hardening behavior was attributed to
the aggregation of particle clusters to form interconnected jammed network. Extensional measure-
ments of silica nanoparticles in aqueous polyethylene solution of high molecular weight (4 and
8 million g/mol) using capillary breakup extensional rheometer are presented in the appendix of
Wang et al. (86), in connection with the tubeless siphon studies on silica nano suspensions. The
nanoparticles in PEO suspensions were found to enhance the extensional flow properties. How-
ever, their study was limited to few samples (only two particle concentrations, particle sizes and
PEO molecular weights) and therefore, the trends based on particle concentration, particle size and
molecular weight, and the behavioral mechanisms, was not investigated systematically. Xu et al.
(87) investigated the morphology and rheology of an entangled nanofiber/glycerol-water disper-
41
sions using opposed jet device. The dispersions showed extensional thinning behavior which is
likely a result of breakdown of entangled nanofiber network structure under extensional stress. Ma
et al. (88) used capillary breakup extensional rheometer to investigate the difference in extensional
rheology of a Newtonian epoxy, and a series of dispersions of carbon nanotubes in the epoxy. The
extensional viscosity measurements were in good agreement with theoretical predictions of Batch-
elor (89) and Shaqfeh and Fredrickson (90), who studied rigid rod particles in extensional flows.
The extensional viscosity enhancement observed for carbon nanotube dispersions is the result of
orientation of carbon nanotube in the flow direction during the stretch. Chellamuthu et al. (18)
investigated the extensional rheology of dispersions of fumed silica particles suspended in low
molecular weight polypropylene glycol using filament stretching rheometer combined with light
scattering measurements to elucidate the microstructure evolution during the flow. Beyond critical
extensional rate, a dramatic increase in strain-hardening of extensional viscosity was observed akin
to the thickening transition observed in shear, but with a larger magnitude and at reduced critical
deformation rates. Light scattering measurements showed that strain-hardening was due to align-
ment of nanoparticles due to formation of large aggregates in the flow direction. These were the
first direct observations of hydrodynamic clustering in extensional flow.
Fumed silica has been an attractive material as a rheological modifier due to its thixotropic
behavior and thickening agent. Due to its high specific surface area and branching structure it
displays remarkable rheological properties. Therefore, fumed silica has tremendous technologi-
cal applications such as solid electrolytes in fuel cell technology (91), stabilizing agent in foams
(92) and emulsions (93) and viscosity modifier for enhanced oil recovery (23). Fumed silica is
also widely used as fillers in polymer composites due to improved thermo-mechanical properties
(94; 95). Polyethylene oxide (PEO) is a water soluble, flexible, non-ionic polymer has potential
applications such as, lithium ion batters (91), turbulent drag reduction (96), flocculant in pulp and




Polyethylene oxide (PEO) of various molecular weight (2 x 105 g/mol, 6 x 105 g/mol, 1 x 106
g/mol and 2 x 106 g/mol) were purchased from Aldrich Chemicals. The surface tension of the
aqueous PEO solutions in water is ∼ 60 mN/m (15). Hydrophilic fumed silica (AEROSIL @ 200)
with specific surface area of 200 m2/g and primary particle size 12 nm was graciously supplied by
Degussa.
Initially polyethylene oxide (PEO) solutions were prepared by mixing appropriate amount of
PEO in water and stirred for 24 hours at room temperature to form homogeneous solution. Fumed
silica dispersions were then prepared by adding the appropriate amount of the PEO solution to
fumed silica and then sonicated for 20 minutes. The samples were then stored in air tight glass
bottles and were stirred using magnetic stirrer for 12 hours before the experiments were performed.
The fully mixed dispersions appeared cloudy.
3.2.2 Rheological tools
3.2.2.1 Shear rheometry
Shear rheology was conducted on a stress-controlled TA Advantage 2000 and DHR-3 rheome-
ters using a 40 mm aluminum parallel-plate geometry at a constant temperature of 23◦C temper-
ature. A solvent trap was used to prevent sample evaporation during measurements. The samples
were pre-sheared before conducting any rheological measurements to erase any shear history dur-
ing sampling preparation and handling (76; 34). The pre-shear conditions were determined by
observing the evolution of viscosity at different shear rates. The time required to reach a steady
state value at a given shear rate, was set as the duration of pre-shear and the shear rate was cho-
sen below the limit of reversibility to avoid any sample denaturation. Thus pre-shear conditions
were set as, pre-shear duration of four minutes at 50 s−1 shear rate. After pre-shear, samples were
allowed to rest for 4 minutes to reach equilibrium. Steady shear rheological measurements were
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conducted in the shear rate range of 0.1 to 100 s−1, both forward and backward cycles and showed
little to no hysteresis. Small amplitude oscillatory shear tests were conducted in the frequency
range 0.1 to 100 rad/s, with a fixed strain amplitude, chosen to place the measurements well within
the linear viscoelastic region.
3.2.2.2 Extensional rheometry
Capillary breakup extensional rheometer
Extensional measurements were carried out using a capillary breakup extensional rheometry
(CaBER). CaBER is a common technique for characterizing extensional properties of less con-
centrated and less viscous fluids (99; 100; 101). The CaBER measurements presented here were
performed using a high-speed capillary breakup extensional rheometer designed and developed
specifically for these experiments. In all of the CaBER experiments presented here, an initial
nearly cylindrical fluid sample is placed between two cylindrical plates with radii of R = 2.5 mm
and stretched with a constant velocity of U = 200 mm/s from an initial length Li = R to final length
of L f . In these experiments the final stretch length is fixed at L f = 3 Li. Once the stretch is stopped,
the capillary thinning of the liquid bridge formed between the two end plates or uniaxial exten-
sional flow that is resisted by the viscous and elastic stresses developed by the flow within the
filament. A number of rheological properties can be determined by monitoring the evolution of the
filaments diameter as a function of time. These include the apparent extensional viscosity, ηE , and






The evolution of an apparent extensional viscosity with this extension rate profile can easily be
calculated by applying a force balance between capillary stresses and the viscous and elastic tensile









A number of limiting cases can be theoretically predicted for CaBER measurements. Papageorgiou
(102) showed that for a Newtonian fluid the radius of the fluid filament will decay linearly with
time, Rmid(t) ∝ (tb - t), to the final breakup at tb. Entov and Hinch (103) showed that for an
Oldroyd-B fluid with a relaxation time of λ , the radius will decay exponentially with time, Rmid(t)
∝ exp(-t/3λ ), resulting in a constant extension rate of ε˙ = 2/3λE . However for particle dispersions,
the key is to create a flow strong enough that the Peclet number, Pe = R2mid ε˙/D12, is large and
flow dominates the Brownian motion of the particles (19). Here D12 is the diffusion coefficient of
the particles in solution.
To calculate the apparent extensional viscosity from experiments, the diameter measurements
as a function of time can either be fit with a spline and then differentiated or, for more well-
defined fluids such as viscoleastic fluids, the diameter can first be fit with an appropriate functional
form and then be differentiated with respect to time (100). For these nanoparticle dispersions,
the diameter decay is typically fit with a spline while regions of exponential decay were used to
determine the extensional relaxation time of each fluid.
3.3 Results and Discussions
In this study, the shear and extensional rheology of fumed silica nanoparticles dispersed in an
aqueous polyethylene oxide (PEO) solution are investigated. The role of particle concentration,
polymer concentration and polymer molecular weight on both the shear and the elongational be-
havior of the dispersions were examined. The sample preparation and the protocol for shear and
extensional rheology characterized was described in sections 3.2.1 and 3.2.2.
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Figure 3.1: Steady shear viscosity as a function of shear rate for a series of fumed silica dispersions
in water. The data include a series of particle concentrations: (/) 3 wt%, ( ) 4 wt% and (7) 5 wt%.
3.3.1 Shear rheology
Prior to investigating shear-thickening behavior of fumed silica dispersions in aqueous polyethy-
lene oxide (PEO), shear rheology was conducted on fumed silica dispersions in water and on neat
PEO solutions separately, to examine the rheological behavior independently. The steady shear
behavior of the aqueous PEO solutions (Mw = 6 x 105 g/mol) appeared Newtonian with a constant
viscosity for all concentrations. The viscosity was found to increase approximately linearly with
concentration from 2.16 to 14.9 mPa.s over the range of PEO concentration tested. Additionally
the linear viscoelastic response of these systems which are not shown here, were very weakly elas-
tic and too noisy to obtain reliable, repeatable relaxation time data. Shear rheology of fumed silica
dispersions in water at various particle concentrations, without any addition of polymer, is shown
in Figure 3.1. The pure silica dispersions in water without polymer show shear thinning behavior
and do not exhibit any shear thickening. Fumed silica are aggregates, synthesized by fusion of
spherical SiO2 with primary particles size of 12 nm into a larger particle that is fractal in nature.
Fumed silica nanoparticles in water have been found to exist through SANS as aggregates due to
strong hydrogen bonding (104). The shear thinning behavior could be due to rupture of 3D net-
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Figure 3.2: Steady shear viscosity as a function of shear rate for a series of fumed silica dispersions
in 0.6 wt% PEO (Mw = 6 x 105 g/mol). The data include a series of different particle concentrations:
(3) 0 wt%, (J) 3 wt%, (©) 4 wt%, () 4.5 wt% and (7) 5 wt%.
work of the agglomerates and subsequent orientation of the microstructure along the direction of
shear fields (19; 84).
3.3.1.1 Effect of particle concentration
Next, solutions of nanoparticles with PEO were studied in order to understand the impact of
particle concentration on shear-thickening behavior. Steady shear experiments were conducted on
fumed silica dispersions in aqueous polyethylene oxide (PEO) solution where the PEO molecular
weight was 6 x 105 g/mol and its concentration was held fixed at 0.6 wt%, but where the fumed
silica concentration was varied from 0 - 5 wt%. As shown in Figure 3.2, the dispersions containing
PEO showed strong shear-thickening behavior. As expected, the viscosity at low shear rates was
observed to increase with increase in particle concentration. At particle concentrations below 3
wt%, no shear thickening was observed. As the particle concentration was increased, the magni-
tude in the shear thickening was found to increase monotonically. The degree of shear thickening,
ηmax/ηo, for these samples is also tabulated in Table 4.1. The shear-thickening behavior of fumed
silica has been observed in simple solvents like low molecular weight polypropylene glycol (PPG)
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(105; 80; 18). As described in the introduction, the mechanism of shear thickening of neat particle
dispersions is through the formation of hydro-clusters (106).
PEO has been found to have strong affinity for adsorbing to fumed silica nanoparticles (78).
When PEO is added to the dispersion they can prevent interaction and control agglomeration of
the nanoparticles, through the formation of hydrogen bonding between the terminal hydroxyl or
the ether group of PEO and the silanol groups of fumed silica. At low shear rates, the particles
are influenced only by Brownian motion. Beyond a critical shear rate, the hydrodynamic forces
can induce interactions between particles, making it possible for free end of an adsorbed polymer
to bridge to another particle creating a shear-induced interconnections between particles. Addi-
tionally the adsorbed polymer may be deformed by the imposed shear flow allowing it to extend
and bridge with one or more particles creating a 3D interconnected network. The result is likely
the formation of particle clusters similar to those formed in the absence of PEO but typically at
much lower particle concentrations. This formation of shear-induced clusters of particles floccu-
lated by polymer bridging could result in the shear-thickening behavior (106; 26). At still higher
shear rates, the viscosity is observed to drop as the 3D interconnected network begins to break
down under high shear stresses. In Figure 3.2, we can observe an increase in the shear thickening
magnitude with increasing particle concentration from 3 to 5 wt%. Similar trends were observed
by Kamibayashi et al. (26). The impact of particle concentration in shear-thickening behavior is
also similar to observed for fumed silica dispersions in low molecular weight PPG (105; 18). This
is likely the result of an increase in the number of silica sites for the PEO chains to adsorb. As a
result, the network that is formed at the onset of shear thickening is larger, more interconnected
and stronger. No significant change in the critical shear rate for the onset of shear thickening-
behavior can be noticed. However, the maximum in viscosity is observed to shift to larger shear
rates indicating a stronger network structure.
Linear viscoelastic measurements were also conducted for different particle concentrations
holding PEO concentration constant at 0.6 wt% as shown in Figure 3.3. For all particle con-
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Figure 3.3: Storage modulus (filled symbols) and loss modulus (hollow symbols) as a function of
angular frequency for a series of fumed silica dispersions in 0.6 wt% PEO (Mw = 6 x 105 g/mol).
The data include a series of different particle concentrations: (J) 3 wt%, ( ) 4 wt% and () 5
wt%.
centrations tested, the storage modulus was found to be independent of frequency and significantly
larger than the loss modulus, which was found to have a very weak dependency in frequency. This
behaviour suggests interconnected network of fumed silica nanoparticles dispersions. The increas-
ing trend in the moduli values suggests an increase in the 3D percolation network of fumed silica
nanoparticles due to an increase in interparticle and particle-polymer hydrogen bonded interac-
tions.
3.3.1.2 Effect of polymer concentration
In order to understand the effect of polymer concentration on shear thickening of these systems,
the shear rheology was measured for solutions with varying PEO concentration from 0.2 wt% to
1 wt% while fixing the fumed silica concentration at 4.5 wt%. A plot of several representative
data sets is shown in Figure 3.4. An increase in shear-thickening behavior was observed with in-
creasing PEO concentration up to 0.4 wt%. At this polymer concentration, the shear-thickening
behavior was maximized. Further increases to the PEO concentration resulted in a decrease in
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Figure 3.4: Steady shear viscosity as a function of shear rate for a series of 4.5 wt% fumed silica
dispersions in an aqueous PEO solution (Mw = 6 x 105 g/mol). The data include PEO concentra-
tions of: (N) 0.2 wt%, (3) 0.4 wt%, ( ) 0.6 wt%, (D) 0.8 wt% and (J) 1 wt%.
shear thickening and eventually, at high PEO concentrations the elimination of shear thickening.
Our hypothesis is that at low polymer concentrations, fewer polymer chains are available to bridge
between silica particles. Therefore, the observed increase in shear-thickening behavior with in-
creasing polymer concentration is likely due to increase in the availability of free polymer chains
to bridge particles and form hydroclusters. However, increasing the polymer concentration will
also simultaneously reduces the number of adsorption sites on the particles available for bridging
under flow because they will be occupied or blocked by PEO already adsorbed to the particles
under quiescent conditions. Additionally, like polymer brushes attached to a particle (31), the
adsorbed PEO can increase steric repulsion, increasing the separation between the particles and
reducing their hydrodynamic interactions. As a result, a decrease in shear thickening is observed
in Figure 3.4 beyond a concentration of 0.4 wt%. Therefore, an optimal polymer concentration
exists which maximized the magnitude of shear thickening. Unlike for particle concentrations, a
strong correlation can be observed in Figure 3.4 between the shear rate required to induce shear
thickening and the polymer concentration. Increasing the polymer concentrations from 0.2 to 0.8
wt% was found to reduce the critical shear rate for the onset of shear thickening by a factor of 10.
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Figure 3.5: Storage modulus as a function of frequency for a series of 4.5 wt% fumed silica dis-
persions in an aqueous PEO solution (Mw = 6 x 105 g/mol). The data include PEO concentrations
of: (N) 0.2 wt%, (3) 0.4 wt%, ( ) 0.6 wt% and (J) 1 wt%. The data series for () 5 wt% fumed
silica nanoparticle dispersion in water without any polymer is also included.
As flow and Peclet number increase, particle interactions increase as does their proximity due to
hydrodynamic interactions (42). The critical shear rate for the onset of shear thickening depends
on the interparticle distance (107), but also the likelihood of polymer bridging between particles
which increases with increasing PEO concentration. The effect of polymer concentration on the
onset of shear-thickening behavior observed here is similar to that reported in literature for similar
systems (26).
The effect of polymer concentration on linear viscoelastic behavior was also examined and is
shown in Figure 3.5. The storage modulus exhibits frequency independent behavior in all cases and
a non-monotonic behavior with increasing polymer concentration. The storage modulus initially
increases to a maximum and then decreases beyond certain increase in polymer concentration.
These measurements and their qualitative similarity to the shear thickening trends support the
physical arguments made above.
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Figure 3.6: Steady shear viscosity as a function of shear rate for a series of aqueous 0.6 wt% PEO
solution. The data include for a series of PEO at several different molecular weights (Mw): (J) 2
x 105 g/mol, () 6 x 105 g/mol, () 1 x 106 g/mol and (D) 2 x 106 g/mol.
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Figure 3.7: Steady shear viscosity as a function of shear rate for a series of 4.5 wt% fumed silica
dispersions in an aqueous 0.6 wt% PEO solution. The data include for a series of PEO at several
different molecular weights (Mw): (J) 2 x 105 g/mol, () 6 x 105 g/mol, () 1 x 106 g/mol and
(D) 2 x 106 g/mol.
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3.3.1.3 Effect of polymer molecular weight
In order to understand the effect of molecular weight on the shear behavior, four different poly-
mer molecular weights (2 x 105 g/mol, 6 x 105 g/mol, 1 x 106 g/mol and 2 x 106 g/mol) were
studied. The radius of gyration was estimated using empirical relation of Swenson et al. (108)
for PEO solutions in water resulting in values are 28, 53, 72 and 110 nm for 2 x 105 g/mol, 6 x
105 g/mol, 1 x 106 g/mol and 2 x 106 g/mol molecular weights respectively. The shear rheology
of aqueous solution of 0.6 wt% PEO without fumed silica particles are also shown in Figure 3.6.
The behavior is Newtonian up to 1 x 106 g/mol molecular weight and is slightly shear thinning
at 2 x 106 g/mol. The viscosity was found to scale linearly with increasing polymer molecular as
expected for dilute polymer solutions (109), although a slight deviation from theory at the highest
polymer molecular weight was observed. The observed deviation is likely the result of not ob-
taining a zero shear rate viscosity for the highest molecular weight sample. In Figure 3.7, four
representative rheological data sets are presented for dispersions of 4.5 wt% fumed silica nanopar-
ticles in an aqueous solution of 0.6 wt% PEO. Increasing the molecular weight from 200 to 600
kg/mol increased the shear-thickening behavior. A higher molecular weight polymer has longer
chains and can bridge particles farther apart. Additionally, a higher molecular weight polymer can
attach to a greater number of particles and increase the degree of bridging (79). As a result, with
increase in molecular weight from 2 x 105 g/mol to 6 x 105 g/mol, an increase in the magnitude of
shear-thickening behavior was observed. However, increasing the molecular weight further from
6 x 105 to 1 x 106 and finally to 2 x 106 g/mol the degree of shear thickening, the ratio of peak
shear viscosity to the shear viscosity at the onset of thickening, was found to decrease. Here, the
comparison between different polymer molecular weights is at a constant weight percent. There-
fore, the number of molecules and thus the terminal -OH groups of PEO, decrease by a factor of
10 with increasing molecular weight from 2 x 105 to 2 x 106 g/mol. However, the total number of
hydrophilic sites of PEO, terminal -OH and ether oxygen groups, remain unchanged as the weight
percent is fixed. Therefore, the decrease in the shear-thickening behavior despite constant number
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of PEO sites suggests a decreasing effectiveness in the formation of bridges between nanoparticles
beyond certain increase in the polymer molecular weight. For stable dispersions, the adsorption
of a higher molecular weight polymer, whose radius of gyration is greater than the particle, Rg
> Rparticle, may result in a significant increase in the polymer coverage of the particle surface
area. Kawaguchi et al. (110) have also reported a greater particle surface area coverage at higher
polymer molecular weights from the adsorption measurements of PEO onto fumed silica. The ob-
served reduction in shear-thickening could thus be the result of a decreased number of interactions
or bridging chains between neighboring nanoparticles (111).
A decrease in the critical shear rate for the onset of shear thickening, γ˙c, with increasing molec-
ular weight was also observed. This behavior is consistent with reported in literature (112; 80; 26).
Adsorption of a polymer molecule on a particle may also increase the hydrodynamic radius of
the particle, which effectively decreases the interparticle distance influencing the onset of shear-
thickening behavior. The critical shear rate for shear thickening has been shown to scale inversely
with the particle size as, γ˙c ∼ a−2 or a−3 (31; 17).
In order to gain further insights of the effect of polymer molecular weight on shear-thickening,
linear viscoelastic experiments were also conducted on the nanoparticle dispersions at different
polymer molecular weights as shown in Figure 3.8. At 2 x 105 and 6 x 105 g/mol PEO molecu-
lar weight, the moduli variation is frequency independent indicating an interconnected structure.
However, increasing the molecular weight to 2 x 106 g/mol results in a sol-like response (G” >
G’) with moduli scaling power law with frequency, approaching G’ ∼ ω2 and G” ∼ ω at low
frequency. Further, the frequency sweep response is quite similar to the case with pure polymer
solution without any nanoparticles. This suggests that for the high molecular weight systems,
the polymer and not the particles dominate the fluid’s response. These results agree well with
Kawaguchi et al. (110) who reported a similar reduction in the dynamic moduli for adsorption of
higher PEO molecular weight to silica nanoparticles.
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Figure 3.8: Storage modulus (filled symbols) and loss modulus (hollow symbols) as a function
of angular frequency for a series of 4.5 wt% fumed silica nanoparticle dispersions in an aque-
ous 0.6 wt% PEO solution. The data include for a series of PEO at several different molecular
weights (Mw): (J) 2 x 105 g/mol, ( ) 6 x 105 g/mol and () 2 x 106 g/mol. The data (?) for 0.6
wt% aqueous PEO of molecular weight 2 x 106 g/mol without fumed silica nanoparticles is also
included.
3.3.2 Extensional rheology
3.3.2.1 Effect of particle concentration
capillary breakup extensional rheology of the silica dispersions was conducted varying particle
concentration, polymer concentration and molecular weight as described in section 3.2.2.2. In
Figure 3.9, the evolution of the diameter for a series of silica particle concentrations is shown
on a semi-log plot. Here the concentration and molecular weight of PEO are fixed at 0.6 wt%
and 6 x 105 g/mol respectively. We can observe an increase in filament lifetime with increasing
particle concentration. In order to calculate the apparent extensional viscosity, the diameter decay
data was fit by a spline and then differentiated according to the equation 5.2. In Figure 3.10, the
apparent extensional viscosity, ηE , is shown as a function of Hencky strain for various particle
concentrations. The apparent extensional viscosity is independent of Hencky strain at low strains,
begins to increase beyond a certain Hencky strain, and levels off at high Hencky strains. This
behavior is termed as strain-hardening. As expected, the apparent extensional viscosity at low
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Figure 3.9: Diameter evolution as a function of time during a capillary breakup extensional rheol-
ogy measurement for a series of fumed silica dispersions in an aqueous solution of 0.6 wt% PEO
(Mw = 6 x 105 g/mol). The data include a number of different particle concentrations: (J) 3 wt%,
(©) 4 wt%, () 4.5 wt% and (7) 5 wt%.
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Figure 3.10: Apparent extensional viscosity as a function of Hencky strain for a series of fumed
silica dispersions in an aqueous 0.6 wt% PEO solution (Mw: 6 x 105 g/mol). The data include
several different particle concentrations: (J) 3 wt%, (©) 4 wt%, () 4.5 wt% and (7) 5 wt%.
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Figure 3.11: Steady-state Trouton ratio, ηE,∞/ηo,(/) and extensional relaxation time, λE ,(I) as a
function of fumed silica nanoparticle concentration in 0.6 wt% aqueous PEO solution (Mw = 6 x
105 g/mol).
strains, ηE,o, increases with increase in particle concentration. The Trouton ratio, Tr = ηE,o/ηo,
was found to be in the range of 5 to 10, which is slightly larger than 3, which is predicted for
Newtonian fluids. There is some uncertainty as to which zero shear rate viscosity to choose as
many of these samples show shear thinning even at the lowest shear rates measured. The value for
ηo is thus likely a little low for all these samples. Additionally, the particles are not spherical and
Batchelor (89) showed that high aspect ratio particles can have large extensional viscosities. Thus
the deviation from Tr = 3 could be due to the non-spherical or fractal nature of the fumed silica
particles (89). The strain hardening behavior is mild at lower particle concentrations but increases
strongly at higher particle concentration.
The steady-state Trouton ratio, Tr∞ = ηE,∞/ηo, and extensional relaxation time as a function
of particle concentration is shown in the Figure 3.11. The extensional relaxation time, λE , was
obtained by fitting the exponential diameter decay in the middle times to an exponential function.
The characteristic extensional relaxation times thus calculated for various particle concentrations
are shown in the Figure 3.11. We can observe an increase in λE with increase in particle concentra-
tion. We notice that the Tr∞ and λE increase quite quickly with increase in particle concentration
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Figure 3.12: Shear thickening magnitude, ηmax/ηo,(/) and extensional hardening magnitude,
ηE,max/ηo,(I) as a function of fumed silica nanoparticle concentration in 0.6 wt% aqueous PEO
solution (Mw = 6 x 105 g/mol).
beyond a 4 wt% particle concentration to a maximum of Tr∞ = 160 and λE = 6.4 ms respectively.
The qualitative effect of particle concentration on strain hardening is consistent with the observa-
tions in literature (86; 18). In Chellamuthu et al. (18), the light scattering measurements during
the extensional flow of fumed silica dispersions in low molecular weight PPG, indicated an align-
ment of string of interacting particles in the flow direction. We believe alignment and interaction
of particles in the extensional flows presented here can result in the formation of multiple particle
clusters bridged by the PEO chains, resulting in the strong strain hardening behavior presented
in Figure 3.10. The increase in the strain-hardening behavior with increasing silica particle con-
centration could be the result of increased bridging between particles and polymer chains and the
development of a stronger interparticle network structure as was observed in the shear rheology
and linear viscoelastic measurements.
In shear rheology, a strong correlation between elastic modulus and shear-thickening behaviour
by polymer-particle bridging mechanism has been demonstrated. Here we examine the trends
in the elongational behavior as compared to shear-thickening to understand the mechanism of
strain-hardening in elongational flow. The effect of particle concentration in the trends of shear-
thickening and strain-hardening are compared in Figure 3.12. The magnitude of strain hardening
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Figure 3.13: Apparent extensional viscosity as a function of Hencky strain for a series of 4.5 wt%
fumed silica nanoparticle dispersions (Mw = 6 x 105 g/mol) in water. The data include results for
a number of different PEO concentrations: (N) 0.2 wt%, (3) 0.4 wt%, () 0.6 wt% and (D) 0.8
wt%.
was quantified as the ratio of steady-state apparent extensional viscosity and the apparent exten-
sional viscosity at low Hencky strains, ηE,o. Similarly, the magnitude of shear thickening was
calculated as the ratio of the maximum attained viscosity in the shear thickening range and the vis-
cosity at the onset of shear thickening, ηmax/ηc. We can observe that both the magnitude of shear
and extensional thickening show an increasing trend with increasing particle concentration. The
effect of particle concentration on strain-hardening behavior is qualitatively similar to the shear-
thickening behavior. This suggests a similarity in the mechanism of strain-hardening and shear-
thickening behavior. However, the increase in the extensional hardening magnitude is greater than
the shear thickening magnitude at higher particle concentrations. Finally, we should note that the
extensional rheology of pure fumed silica dispersions was not possible to measure because, due to
the low viscosity of the samples, the filament break-up time scales are too fast to accurately capture
the capillary thinning process.
59
0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 01
1 0
1 0 0
1 0 0 0



































Figure 3.14: Steady-state Trouton ratio, ηE,∞/ηo,(/) and extensional relaxation time, λE ,(I) as a
function of PEO concentration (Mw = 6 x 105 g/mol)at 4.5 wt% fumed silica concentration.
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Figure 3.15: Shear thickening magnitude, ηmax/ηo,(/) and extensional hardening magnitude,
ηE,max/ηo,(I) as a function of PEO concentration (Mw = 6 x 105 g/mol) for a 4.5 wt% fumed
silica nanoparticle concentration.
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3.3.2.2 Effect of polymer concentration
In order to understand the effect of polymer concentration on extensional rheology, CaBER
measurements were conducted on a series of samples with varying polymer concentration from
0.2 - 0.8 wt% with a particle concentration fixed at 4.5 wt% and a polymer molecular weight of
6 x 105 g/mol. The results are presented in the Figure 3.13. As with shear, we observed a non-
monotonic trend in the magnitude of strain hardening with increasing PEO concentration. The
strain-hardening behavior increases up to 0.4 wt% PEO and then decreases with further increase in
PEO concentration. At 0.4 wt% PEO, the steady-state apparent extensional viscosity was found to
increase by three orders of magnitude and continued increasing to very high Hencky strains. The
steady-state Trouton ratio and extensional relaxation time are shown as a function of PEO concen-
tration in the Figure 3.14. A maximum in both the steady state Trouton ratio and the extensional
relaxation time are observed at a PEO concentration of 0.4 wt% suggesting a clear optimal PEO
concentration for both the shear and extensional thickening in these systems. The effect of PEO
concentration on strain hardening and shear thickening is compared in Figure 3.15. We can observe
that the trends in the magnitude of strain hardening and shear-thickening behavior with increasing
PEO concentration are qualitatively similar, where a maximum in both the behavior occurs at an
optimum PEO concentration, which also occurs at the same 0.4 wt% PEO concentration. This
strongly suggests that the effect of PEO concentration in strain hardening mechanism is similar to
shear thickening. However, the increase in the extensional hardening magnitude is approximately
two orders of magnitude greater than the shear thickening magnitude.
3.3.2.3 Effect of polymer molecular weight
In order to understand the effect of polymer molecular weight, extensional rheology measure-
ments of fumed silica nanoparticle dispersions in aqueous PEO solution were performed for a
series of solutions using four different molecular weights of PEO, 2 x 105 g/mol, 6 x 105 g/mol,
1 x 106 g/mol and 2 x 106 g/mol as shown in the Figure 3.16. Here the fumed silica concen-
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Figure 3.16: Apparent extensional viscosity as a function of Hencky strain for a series of 4.5 wt%
fumed silica nanoparticle dispersions in an aqueous 0.6 wt% PEO solutions in water. The data
include results for a number of different PEO molecular weights: (J) 2 x 105, () 6 x 105, ( ) 1
x 106 g/mol and () 2 x 106 g/mol. The data (3) for 0.6 wt% aqueous PEO of molecular weight 2
x 106 g/mol without fumed silica nanoparticles is also included.









































Figure 3.17: Steady-state Trouton ratio, ηE,∞/ηo,(/) and extensional relaxation time, λE ,(I) as a
function of PEO molecular weight. The concentration of aqueous PEO and fumed silica nanopar-
ticles are at 0.6 wt% and 4.5 wt% respectively.
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Figure 3.18: Shear thickening magnitude, ηmax/ηo,(/) and extensional hardening magnitude,
ηE,max/ηo,(I) as a function of PEO molecular weight. The concentration of aqueous PEO and
fumed silica nanoparticles are at 0.6 wt% and 4.5 wt% respectively.
tration and PEO concentration are fixed at 4.5 wt% and 0.6 wt% respectively. As expected, the
apparent extensional viscosity at low Hencky strains was found to equal approximately Tr ∼ 3
and increase with increasing molecular weight. At large Hencky strains, the magnitude of strain
hardening was found to also increase with increasing polymer molecular weight. As seen in Fig-
ure 3.17, these trends correspond to an increase in extensional relaxation time and steady-state
Trouton ratio with increase in molecular weight. The effect of polymer molecular weight on the
strain-hardening behavior is in agreement with reported for silica nanoparticle suspensions in high
molecular weight PEO (4 and 8 million g/mol) PEO (86). Extensional rheology measurements
for 2 x 106 g/mol molecular weight without any nanoparticles is also shown in the Figure 3.16.
The apparent extensional viscosity at low Hencky strains is lower compared to the dispersions of
nanoparticles as expected. However, the magnitude of strain-hardening was found to be about two
times greater than the dispersions containing nanoparticles. The elongational measurements for
the PEO solutions of molecular weight lower than 2 x 106 g/mol could not be measured due to
their low viscosity and the resulting extremely short life times of their filaments.
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If we compare the effect of polymer molecular weight in both shear and extensional rheology by
observing the trends of the magnitude of shear thickening and extensional hardening with increas-
ing molecular weight in Figure 3.18, we notice a qualitatively different trends in the behavior. The
shear thickening trend is non-monotonic with increasing molecular weight, where a maximum in
shear-thickening behavior occurs at Mw = 6 x 105 g/mol. Conversely, the strain hardening behavior
was found to increase monotonically with increase in the molecular weight. The contrasting trends
between shear thickening and strain hardening behavior suggest that the polymer chain length plays
a different role in shear versus extensional flows. Clearly polymer elasticity and the deformation
of polymer chains either in bulk or tethered between nanoparticles has a significant impact in the
strain hardening mechanism for these nanoparticle/high molecular weight dispersions.
3.4 Conclusions
The effect of particle concentration, polymer concentration and polymer molecular weight on
both shear and elongational behavior of fumed silica dispersions were investigated. In shear, in-
creasing particle concentration was found to increase the extent of shear-thickening. The effect of
polymer concentration and molecular weight on the shear-thickening behavior was qualitatively
similar. In each cases, a maximum shear thickening was found to occur at either an optimum
polymer concentration and polymer molecular weight. In addition, increasing the polymer con-
centration and the polymer molecular weight was found to decrease the critical shear rate for the
onset of shear thickening. The shear-thickening behavior was attributed to the formation of hydro-
clusters resulting from the polymer-particle bridging induced by the imposed shear flows. Linear
viscoelastic measurements showed strong correlation between the trends in the elastic modulus
and the shear-thickening behavior. Extensional rheological measurements were conducted using
capillary breakup extensional rheometer. The effect of particle concentration and polymer concen-
tration on the strain-hardening behavior was found to be qualitatively similar to shear thickening.
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The similarity in the fluids response under shear and extension indicated a similar underlying
physical mechanism. Increasing the particle concentration increased the magnitude of strain hard-
ening similar to shear thickening. However, the increase in the magnitude of strain-hardening is
larger compared to the shear thickening at higher particle concentrations. With increasing poly-
mer concentration, the strain-hardening behavior showed a non-monotonic trend similar to shear-
thickening. At optimal conditions of 0.4 wt% PEO concentration, 6 x 106 g/mol molecular weight
and 4.5 wt% fumed silica nanoparticle concentration, an enormous increase in the extensional
viscosity was observed. Though the maximum in both the shear thickening and strain hardening
behaviors occurred at the same optimal conditions, the magnitude of strain-hardening was found
to be approximately two orders of magnitude larger than the shear thickening. The extensional
strain-hardening mechanism is likely due to the polymer-particle bridging induced by flow. The
study of the effect of polymer molecular weight on strain hardening behavior showed a contrasting
trend to shear-thickening behavior. The strain-hardening behavior increased monotonically with
increasing polymer molecular weight, as opposed to a maximum shear thickening at an optimum
polymer molecular weight. This indicates the significant role of polymer elasticity in the elonga-
tional behavior at higher polymer molecular weight that predominates the hydrocluster mechanism
in the shear-thickening behavior.
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Table 3.1: Rheological properties of fumed silica dispersions in an aqueous PEO
Sample Mw[kg/mol] λE [ms] Tr = ηE,∞/ηo ηE,max/ηo ηmax/ηo γ˙c
3Si-0.6PEO 600 1.4 16.7 1.43 2.17 0.9
4Si-0.6PEO 600 2.2 24.1 1.44 3.7 1
4.5Si-0.6PEO 600 3.1 32 5.65 4 1.5
5Si-0.6PEO 600 6.41 160 16.7 9.6 1
4.5Si-0.2PEO 600 1.6 10.1 1.78 1.67 10
4.5Si-0.4PEO 600 22.4 4000 750 10 4
4.5Si-0.8PEO 600 1.42 20 2.86 1.1 0.6
4.5Si-0.6PEO 200 0.25 31.2 2.5 2.5 8
4.5Si-0.6PEO 1000 5.7 38.8 8.17 3 1.5
4.5Si-0.6PEO 2000 14.6 70 15.9 1.18 0.7
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CHAPTER 4
INK TRANSFER BEHAVIOR OF SHEAR THICKENING PARTICLE
DISPERSIONS IN GRAVURE PRINTING
4.1 Motivation
Roll to roll coating and printing of flexible substrates is a technology of great industrial and
commercial importance due to its low cost and high throughput (1; 2). This technology enables the
fabrication of thin organic, inorganic and mixed organic/inorganic films with nanoscale patterns at
high resolution for devices in wide applications such as, solar cells, thin film transistors, organic
light emitting diodes, biosensors and biodevices (113; 114; 115; 116; 12; 117). Gravure printing is
a roll to roll processing technique used to coat/print thin films less than 50 µm for a wide variety of
applications in high volumes such as magazines, packaging, flexible electronics, greeting cards and
tapes (118; 15; 119; 13). In gravure process, a roller with desired engraving, typically in microns
dimensions, is passed through an ink reservoir and the excess is metered off by passing by a doctor
blade. The ink from the cavities is then deposited on to the substrate held by another roller at high
speeds (up to 15 m/s). The schematic of gravure process is shown in Figure 4.1.
During the ink transfer process, a liquid bridge is formed and stretched between the gravure
cell (the cavity) and web, as the ink is deposited onto the substrate. The stability and breakup
dynamics of the liquid bridge during the ink transfer can significantly affect the quality of the print
or coated film. Partial emptying of the cavities or the formation of satellite drops can negatively
impact the quality and the efficiency of the printing process (120). Including gravure printing,
the dynamics of the liquid bridge are strongly relevant in other applications such as contact drop
dispensing (121), float-zone crystallization (122) and oil recovery (123). Therefore, the dynamics,
67
Figure 4.1: Schematic of gravure printing process (Source: Eckart Company)
stability and breakup of the liquid bridge have been widely studied (121; 123; 124; 125; 126; 127).
Numerous studies, both experimental and numerical, have been performed to better understand
the dynamics of a liquid bridge uniaxially stretched between two flat plates (128; 129; 130), as
well between a flat plate and a cavity (131; 132; 133; 134). There have also been numerical and
experimental studies on ink transfer behavior considering pure shear (135; 136; 137), as well as a
combination of shear and extensional motion (8; 9) of the liquid bridge in gravure printing.
Printing fluids often are non-Newtonian, as many inks contain large concentrations of particles
and polymer additives (11; 12; 13). There have been studies reported only recently on the behavior
of non-Newtonian fluids during gravure printing. Huang et al. (134) performed numerical compu-
tations using volume of fluid (VOF) method to examine the break up dynamics of shear-thinning
fluids. They observed a fast break up of the filament and the formation of more satellite drops
for the case of shear-thinning fluids compared to Newtonian fluids. Ahmed et al. (138) employed
numerical computations to investigate the ink transfer behavior of shear-thinning fluids between
two flat plates. They examined the influence of inertia, surface tension and top plate contact angle
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on the ink transfer ratio. Numerical computations on a shear-thinning fluid by Ghadiri et al. (139)
showed that factors such as groove angle, groove depth and wettability can have significant impact
on the filament dynamics and the amount of ink transfer.
There have also been studies both experiments and computations dedicated to the influence of
viscoelasticity on gravure printing (14; 15; 16). Ahn et al. (14) examined the influence of elastic-
ity through numerical computations using Oldroyd-B model and observed significant differences
in the velocity field and pressure distribution in the cavity between viscoelastic and Newtonian
fluids. Sankaran and Rothstein (15) conducted experimental investigation using polyethylene ox-
ide (PEO) fluids to study the impact of viscoelasticity, gravity and gravure cell design on the fluid
transfer in gravure printing. Filament stabilization due to elasticity was found to enhance or worsen
the fluid removal, depending on whether the fluid removal direction is aligned with or opposite to
the direction of gravity. Computational studies later by Lee et al. (16) on the influence of vis-
coelasticity in gravure printing using FENE-P constitutive model were in excellent agreement with
experiments (15). Their computations were able to extend beyond the parameters of the experi-
ments to investigate a larger viscoelastic parameter space.
4.2 Experimental
4.2.1 Gravure experimental setup
In our experiments, a modified version of a filament stretching extensional rheometer was used
to model the pickout process for an idealized gravure cell or cavity (15). The experimental setup,
shown in Figure 4.2, consists of a computer-controlled linear motor attached to a aluminum plate
which is in-line with the cavity. The initially cylindrical fluid bridge was stretched vertically from
the cavity with constant velocity. In real gravure processes, the fluid bridge experiences a com-
bination of shear and extensional deformation, with the latter being dominant at later times near
the mid-plane and the former being important at earlier times and near the end plate/cell. For sim-
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plicity, the touch down process that would occur in the real roll-to-roll coating is not modeled—
instead the initial fluid bridge has a finite aspect ratio. A truncated cone shaped cavity was fabri-
cated by casting PDMS (Silgard 184) onto a negative mold of the cavity machined into aluminum.
The cavity has a sidewall angle of α = 75◦ from horizontal, radius of R= 2.5 mm and a depth of
h= 1 mm. The real gravure rollers have cavity features that are typically ten to hundred microns in
order. Here the cavity dimensions were scaled for the convenience of a lab scale study. The effect
of cavity size was probed numerically. A cylindrical fluid filament was held between the plate and
cavity at an initial aspect ratio of Li/R = 0.3, where Li is the separation. The top plate was sepa-
rated at different velocities ranging from 0.1 - 200 mm/s to a final aspect ratio of L f /R ∼ 32, up
to which the filaments survived in only a few cases. The stretching speed corresponded roughly to
printing speed. The inertia effects were negligible in these tests as the Reynolds numbers were all
very low, ℜ < 5 × 10−2. Reynolds number is the ratio of inertial to viscous forces given by, ℜ =
D0Uρ/η0. Here D0 andU are the characteristic diameter and velocity, while ρ and η0 are the fluid
density and viscosity. Because gravity is significant at these dimensions (the initial Bond number
is greater than one, ∼ 2), tests were performed with cavity on both top and bottom configurations.
Bond number quantifies the relative importance of gravity to interfacial tension forces and is given
by, = ρgD02/4σ . Here σ is the interfacial tension of the fluid. The filament profile evolution
during the stretch and the breakup process was examined using a high-speed video camera (Vision
Research, Phantom 4.6). The initial and final mass of the fluid in the cavity was measured using a
high precision mass balance (Mettler AC 100). The pickout fraction is defined as, φ =m/M, where
m is mass transferred to the top plate and M is the total mass of the fluid. All the fluid transferred
was assumed to be on the top plate; fluid lost by other mechanisms were ignored. The uncertainty














Figure 4.2: Schematic diagram of experimental setup used for idealized gravure cell study.
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4.2.2 Test fluids
Our model fluid was fumed silica nanoparticles (Aerosil @200, Evonik Industries; primary
particle diameter 20nm, specific surface area 200m2/g) dispersed in polypropylene glycol (Aldrich
Chemicals, average M.W 1000g/mol). A series of test fluids with varying concentration (7.5 wt%
to 20 wt%) were prepared by mixing in a blender for an hour until a transparent and colorless
dispersion was obtained. The resulting dispersions were kept in the vacuum chamber for several
hours to remove the air bubbles before use (18). The surface tension was measured using a pendant
drop tensiometer (Dataphysics OCA 15plus). The surface tension was found to be insensitive to
the nanoparticle concentration, and was found to be σ ≈ 30mN/m. As described in the following
sections, the shear and extensional rheology indicate that the test fluids are well-approximated as
generalized Newtonian liquids.
4.2.3 Shear rheology
The shear rheology was probed using a stress-controlled TA DHR-3 rheometer using a 40 mm
aluminum parallel-plate geometry at a constant temperature of 25◦C temperature with a solvent
trap to prevent evaporation. The samples were pre-sheared to erase any shear history during sam-
pling preparation and handing (76; 140). After pre-shear, samples were allowed to rest for 4
minutes to reach equilibrium. Steady shear viscosity measurements were conducted in the shear
rate range of 0.1s−1 ≤ γ˙ ≤ 100s−1.
As shown in Figure 4.3, the test fluids were all found to be shear thinning at low shear rates.
This behavior has been shown to result from the formation of strings of particles aligned along
the direction of shear fields (19). All four test fluids were found to shear-thicken beyond a critical
shear rate. The magnitude of shear-thickening was found to progressively increase with increasing
particle concentration from 7.5 wt% to 20 wt%. The mechanism for the shear-thickening behavior
of these nanoparticles has been attributed to the formation of large hydrodynamic-induced clusters
of nanoparticles (19). The critical shear rate for the onset of shear rate of shear-thickening was
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found to decrease with increasing particle concentration. Beyond a second critical shear rate,
the fluids are expected to shear-thin; although experimental limitations in this study prevented
this observation at high concentration test fluids, previous studies have shown the shear-thinning
behavior (80; 141; 18; 105).
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Figure 4.3: Steady shear viscosity as a function of shear rate for a series of fumed silica dispersions
in PPG. The data include different particle concentrations of (I) 7.5 wt%, (3) 10 wt %, () 15
wt% and (©) 20 wt%. Solid lines are fits of the high-rate-thinning model of Equation (4.1) to
experimental steady shear rheology data for various particle concentrations.
4.2.4 A generalized Newtonian constitutive model
The steady-shear rheology data for all particle concentrations were fit by a generalized New-
tonian fluid model. The shear-thickening behavior of Aerosil/PPG systems is well-documented,
and piece-wise generalized Newtonian constitutive laws to describe the shear viscosity have been
previously reported (105; 141). To simplify the piece-wise description, we formulate a new gener-













1+A−A[1+(λ2γ˙)B2] n2−1B2 } (4.1)
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The zero-shear and infinite-shear viscosities are η0 and η∞, and the extent of shear-thickening
is determined by A. The model is essentially a product of two Carreau models, one each for
the shear-thinning and shear-thickening regions denoted by the subscripts 1 and 2, respectively.
Each part of the model has a time constant λ , the power law exponent n, and a dimensionless
transition parameter B. The critical shear rates for thinning and thickening are thus 1/λ1 and
1/λ2, respectively. For each suspension concentration, the parameters were fit to the measured
steady shear viscosity and the results superimposed over the data in Figure 4.3. The values of the
generalized Newtonian constitutive law parameters used to fit each of the fluids in Figure 4.3 are
presented in Table 4.1.
4.2.5 Extensional rheology
Filament stretching extensional rheometer
Extensional rheology was probed by filament stretching extensional rheometry (FiSER), which
is typically used to characterize fluids with a shear viscosity η > 1Pas (142; 143; 144; 145). We
use the FiSER type II test, where the top plate is separated from the bottom plate with exponential
velocity profile to impose a nearly constant extension rate ε˙ on the fluid filament at the mid-plane.
The apparent extension rate ε˙app is calculated from the mid-filament diameter decay rate, and used
to infer the apparent extensional viscosity ηE = 〈τzz− τrr〉/ε˙app, where the elastic normal stress
difference 〈τzz− τrr〉 is estimated from force measurement at the top plate and an approximate
mid-plane force balance (146; 143).
In Figure 4.4, the extensional viscosity is shown with respect to Hencky strain for test fluids
with concentrations > 10 wt%. Unfortunately, measurements were not possible for concentrations
below 10 wt% because of limitations of the force transducer sensitivity. As previously reported
(18; 147; 86), the extensional thickening of the test fluids was found to increase with increas-
ing nanoparticle concentration. Without adjusting any of the model parameters, the generalized
Newtonian constitutive model qualitatively predicts the extensional rheology of the test fluids in
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Figure 4.4. The agreement, however, is not perfect. The experimentally measured maximum exten-
sional viscosities are systematically larger than the values predicted by the generalized Newtonian
model. This discrepancy has also been described in (18), where analysis of extensional viscosity










demonstrated that extensional thickening is more dramatic than predicted by shear-thickening
alone, and occurs at a slightly lower critical extension rates than the expected value of γ˙c/
√
3,
where γ˙c is the critical shear rate for the onset of shear thickening. These effects are exacerbated
with increasing particle concentration. For our test fluids, the particle concentrations were low
enough that the generalized Newtonian model appears well-justified.
For both 15 and 20 wt% test fluids, beyond extension rates of ε˙ > 6 s−1, the extensional behavior
could not be characterized using FiSER due to the formation of conical shaped filament profiles that
made calculation of the extension rate and extensional viscosity impossible. These flow transitions
will be discussed in more detailed in the context of liquid transfer measurements in section 5.3.
4.3 Results and discussion
Measurements of liquid transfer from an idealized gravure cell were conducted on a series of
nanoparticle dispersions. Pickout fractions were measured as a function of increasing stretching
velocity from 0.1 to 200 mm/s. The liquid filament profile evolution of the 15 wt% test fluid was
captured by video analysis and presented in Figures 4.5 and 4.6. For comparison, the predictions
of the numerical simulations are presented alongside the experiments in Figure 4.5. The results
show excellent agreement between the measured and simulated shapes and shape transitions.
The pickout behavior of shear-thickening 15 wt% silica dispersion is shown in Figure 4.7 for
both cavity on top and bottom cases. Pickout at vanishing velocities is higher for the cavity-on-
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Figure 4.4: Experimental (symbols) and simulated (lines) FiSER type II extensional rheology data
for different concentrations of silica nanoparticles dispersed in PPG. The concentrations include a)
20 wt% and b) 15 wt%. The imposed extension rates are () 3 s−1, (N) 4 s−1 and ( ) 5 s−1.
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 200 mm/s 
Figure 4.5: Terminal filament interface profiles for the 15 wt% silica nanoparticle dispersion in
PPG with cavity-on-bottom. Top: computational results for comparison.
0.1 mm/s 0.2 mm/s 0.4 mm/s 0.8 mm/s 2 mm/s 4 mm/s 8 mm/s 18 mm/s 40 mm/s 80 mm/s 200 mm/s 
Figure 4.6: Terminal filament interface profiles for the 15 wt% silica nanoparticle dispersion in
PPG with cavity-on-top.
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top configuration than for the cavity-on-bottom configuration; in this vanishing capillary number
(Ca=ηU/σ ) regime, the pickout is a quasi-equilibrium process governed solely by surface tension
and gravity, implying that pickout is gravity-enhanced in the cavity-on-top configuration and vice-
versa due to gravitational sagging of the quasi-equilibrium liquid bridge profile (15; 16).
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Figure 4.7: Experimental (symbols) and computed (solid lines) fraction of fluid transferred from
the cavity as a function of velocity for a 15 wt% fumed silica nanoparticle dispersion in PPG for
two different cavity configurations. a) Cavity on bottom b) Cavity on top. (dotted line) Pickout
fraction computed for Newtonian fluid with viscosity of 3.3 Pas for cavity on bottom case is also
shown in Figure a.
At low velocities, 0.1 <U < 2mm/s, with moderate Ca, the strain rates are low enough that the
shear-thickening and extensional hardening are not active. The pickout behavior in this regime is
qualitatively similar to that of Newtonian fluid, computed for comparison and shown as a dashed
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line in Figure 4.7a. This is consistent with reports in literature (15; 16). One important observations
from Figure 4.7b is that even in this Newtonian regime, the absolute value of pickout is severely
under-predicted by computations.
At intermediate velocities, 2 < U < 18mm/s, the pickout is dramatically depressed for the
cavity-on-bottom configuration and dramatically enhanced for the cavity-on-top configuration.
Both Figure 4.5 and Figure 4.6 show that, within this regime, with increasing velocity a more
elongated filaments with increasing life time persist due to viscous stabilization by extensional-
thickening which resists capillary break-up. The extensional thickening of the fluid allows more
fluid to be removed from the cavity by increasing the break-up time of the fluid filament. A simi-
lar behavior was also reported for viscoelastic fluids, where long-lived filaments, that evolve as a
result of thickening of the fluid’s extensional viscosity, result in gravitational drainage over longer
process time and dramatically influence the final pickout (15; 16). The model computations cor-
rectly predict the pickout behavior, specifically the critical velocities at which the local extrema in
pickout occur.
Figure 4.8: Comparison of the evolution of conical filament profile at U = 100mm/s between
experiment and computation for the 15 wt% silica in PPG dispersion.
At high velocities, U > 18mm/s, the pickout fraction begins to increase again and plateaus
beyond 50 mm/s. The filaments profile beyond 50 mm/s evolve not as cylindrical but as conical
profiles as shown in Figure 4.5. The profile evolutions with time/strain observed in the experiments
79
and predicted by the computations are shown in Figure 4.8. They change very little with increasing
velocity beyond a critical velocity of about 50mm/s. This phenomenon is what prevented FiSER
tests at high extension rate, as described earlier. As illustrated in Figure 4.9, this conical profile
evolution is a result of self-accelerating shear-thinning at the mid-plane, where the strain-rate is
highest and large enough to deform the fluid at rates well past the shear thickening regime into the
second, more severe shear thinning regime observed in Figure 4.3. This resembles the phenomenon
reported for yield stress fluids in extensional flows (148; 149). Removing the thinning of the shear
and extensional viscosity at the highest deformation rates in the generalized Newtonian constitutive
model was found to suppress the formulation of the conical filament profiles. In the velocity range,
18 <U < 50mm/s, the recovery of the fluid pickout from a minimum value represents a transition
in pickout which corresponds to a shift in the dominant fluid behavior from extensional thickening
to shear-thinning. Our numerical computations show that without significant high-rate-thinning of


















Figure 4.9: Contour plots of viscosity and the corresponding strain rates, during conical profile
evolution computed at U = 100mm/s for the 15 wt% silica nanoparticle model fluid
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The influence of rheological features on pickout was further explored by experiments at dif-
ferent particle concentrations ranging from 7.5− 20 wt%. The experiments and computations
of the pickout behavior with increasing velocity, for the case where the cavity is on the bottom,
are shown in Figure 4.10a and b respectively. With increasing particle concentration, the criti-
cal shear rates for shear-thickening and shear-thinning was found to shift to lower shear rates as
shown in Figure 4.3. Correspondingly, the local extrema in the pickout fraction shift to lower pro-
cess strain rates, again matching the critical shear rates for the rheological features. The extent
of shear-thickening increases with particle concentrations, and the local minimum pickout is cor-
respondingly deeper in the stabilized filament regime. The experiments and computations of the
pickout behavior, for the case of cavity on top, is also presented in Figure 4.11a and b respectively.
The height and position of the local maximum pickout correspond well to the critical shear rate
and extent of shear-thickening.
4.4 Conclusions
In this chapter, we investigated the impact of shear-thickening on liquid transfer from an ide-
alized gravure cell through a combination of experiments and finite element computations. The
amount of ink transfer with increasing velocity was measured for the shear-thickening dispersions
at various particle concentrations. At low velocities, where the process strain rates are below
the critical shear rate for shear-thickening, the pickout behavior is qualitatively similar to that of
Newtonian fluids. At moderate velocities, the pickout exhibits a local extremum associated with
persistence of long stable filaments due to extensional-thickening; the pickout is maximal when
assisted by gravitational drainage (cavity-on-top) and vice versa. At high velocities, the filaments
evolve into conical shapes due to shear-thinning. In this regime, the pickout is insensitive to ve-
locity variation and is also unaffected by gravity. Computations predicted well the final pickout
results when using a generalized Newtonian fluid model fitted to the measured shear viscosities. A
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Figure 4.10: a) Experimental (filled symbols) and b) computed (hollow symbols) pickout fraction
for a series of concentrations of fumed silica nanoparticles dispersed in PPG for cavity on the
bottom configuration. The data include particle concentrations of (I) 7.5 wt%, () 10 wt%, ()
15 wt% and ( ) 20 wt%.
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Figure 4.11: a) Experimental (filled symbols) and b) computed (hollow symbols) pickout fraction
for a series of concentrations of fumed silica nanoparticles dispersed in PPG for the cavity on the
top configuration. The data include particle concentrations of () 15 wt% and ( ) 20 wt%.
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Table 4.1: The fitting parameters of shear-thickening fluid model given in Equation (4.1) for
several silica nanoparticle concentrations.
Silica [Wt %] µo [Pa s] µ∞ [Pa s] B1 n1 λ1 [s] B2 n2 λ2 [s] A
7.5 3.0 1.0 0.5 0.01 100 3.3 −2 62 16
10 3.0 1.0 0.6 0.11 100 10.0 −3 180 48
15 3.3 1.0 1.0 0.15 300 11.0 −0.9 200 300
20 8.5 1.0 1.0 0.15 300 11.0 −0.9 300 260
systematic study of the impact of shear-thickening model parameters on pickout features corrob-
orates the experimental observations. To correlate pickout behavior to rheology, the appropriate
process strain rate appears to be an early time shear rate. In conclusion, we demonstrate a sound
basis for optimizing the liquid transfer fraction during a gravure printing process, namely to ensure
coating speeds that avoid certain regimes in the shear-viscosity function where a) rate-thickening
induces viscous stabilization and b) rate-thinning induces yield-like behavior resulting in a high
fraction of liquid stuck in the cavity.
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CHAPTER 5
INK TRANSFER BEHAVIOR OF SHEAR THICKENING AND
VISCOELASTIC FLUIDS IN GRAVURE PRINTING: THE IMPACT OF
SHEAR AND EXTENSIONAL DEFORMATION
5.1 Introduction
Most studies on gravure printing of non-Newtonian fluids have modeled liquid bridge stretching
during ink transfer processes as a purely extensional flow (15; 150; 16; 139; 131; 132; 133; 134). In
addition to extensional flow, in the real gravure printing process, the liquid bridge also experiences
rotation and strong shear deformation due to relative motion between the top and bottom rollers.
Unfortunately, only a few studies exist on gravure printing considering shear deformation of the
liquid bridge during ink transfer and most have all been for Newtonian fluids (9; 135; 151; 152;
153). These studies using Newtonian fluids have found that, for a gravure printing process modeled
as pure shear, the fluid pickout from gravure cells decreased with increasing capillary number at
low to moderate capillary numbers (135; 151; 9; 152; 153). This is opposite to the trend observed
in the pickout process modeled as pure extension (132; 8; 15; 152; 153). The driving mechanism
for the shear pickout at low capillary number in shear has been attributed to a lateral capillary
pressure gradient developed due to the non-symmetric meniscus curvature evolved in shear motion
(135; 153). Capillary number is given as, Ca = ηV/σ , where η , σ , andV are fluid viscosity, surface
tension and stretch speeds. Campana and Carvalho (153) conducted a computational study on fluid
pickout from gravure cells for a wide capillary number space, 0.01 < Ca < 1, while imposing the
complete roll-to-roll kinematics of the plate, including shear, extension and rotation. Through their
simulations, they were able to observe the free surface profile evolution and contact line motion.
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The results of their simulations showed a non-linear pickout behavior with increasing capillary
number which was due in large part to the contact line mobility. At low capillary numbers, Ca <
0.1, the lateral contact line mobility resulted in a large pickout and a flow dominated by the shear
and rotational motion of the gravure cell. Whereas, at large capillary numbers, contact line motion
pinning resulted in a reduction in the pickout and a flow dominated by extensional motion of the
top plate.
Only one study on non-Newtonian fluid case considering shear motion in gravure printing pro-
cess has been reported recently by Chung and Kumar (154), where they conduct a computational
study of the pickout behavior from model gravure cells for viscoelastic fluids cases considering a
combination of horizontal and vertical substrate motion. For a pure horizontal substrate motion,
the pickout was found to be improved for a viscoelastic case compared to a Newtonian fluid, due
to a large first normal stress gradient generated near the downstream corner of the cavity. When an
extensional motion superimposed over horizontal motion of the substrate, the pickout was found
to be improved, with a stronger enhancement of the pickout fraction for viscoelastic fluids as com-
pared to a Newtonian fluid.
Previously, our research group has conducted studies on the effect of viscoelasticity (15) and
shear-thickening (150) on the ink transfer behavior in gravure printing, modeling the ink transfer
process as pure extensional deformation of the liquid bridge. To extend the previous studies, in this
chapter we present the investigation on the effect of shear deformation, as well as a complex com-
bination of shear and extensional deformation on the liquid bridge during the ink transfer process
in gravure printing. The study is presented for both constant shear viscosity viscoelastic fluids and
shear-thickening inelastic nanoparticle dispersions. The test fluids were chosen to be the same as
the previous studies so that conclusions could be more easily drawn. The test fluids consisted of an
aqueous polyethylene oxide (PEO) solution and fumed silica nanoparticle dispersion in polypropy-
lene glycol (PPG). The amount of ink transferred from an idealized gravure cell was studied over
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a wide range of extensional and shear deformation rates chosen to probe the tests fluids at rates
capable of engaging shear thickening/thinning and viscoelastic effects.
5.2 Experimental
5.2.1 Experimental setup
Figure 5.1: Schematic diagram of experimental setup used for idealized gravure cell study.
In our experiments, the gravure printing process was modeled as a combination of uniaxial
extension and shear deformation of the liquid bridge during the ink transfer process. The experi-
mental set-up was similar to that used in our previous study (15), but with a slight modification of
the set-up, as shown in Figure 5.1. Uniaxial extensional motion on the liquid bridge was imposed
using a modified version of a filament stretching extensional rheometer, where the top flat alu-
minum plate was replaced with an inverted gravure cell. To impose shear deformation, the bottom
flat plate was attached to a servo-motor through a rotating fixture. Both the linear-motor and the
servo-motor were computer-controlled to simultaneously impose the desired shear and extensional
velocities. The truncated cone shaped gravure cell (cavity) was fabricated by casting PDMS (Sil-
gard 184) onto a negative mold of the cavity machined into aluminum. The cavity has a sidewall
angle of α = 75◦ from horizontal, radius of R = 2.5 mm and a depth of h = 1 mm. The real
gravure rollers have cavity features that are typically ten to hundred microns in order. Here the
87
cavity dimensions were scaled for the convenience of a lab scale study. The result is that gravity is
more important in our experiments than in a true gravure printing process (16). A cylindrical fluid
filament was held between the plate and cavity at an initial aspect ratio of Li/R = 0.3, where Li
is the separation. The initial separation between cavity and the plate which is larger than in a real
printing process, was chosen for convenience of the experiments to make massing the fluid easier.
There have been studies that have found a larger amount of ink trasfer for smaller cavity depths
(15), initial liquid bridge aspect ratios and initial fluid volume (135).
In pure extensional flow experiments, the top cavity was separated at different extensional ve-
locities ranging from 0.1 - 200 mm/s to a final aspect ratio of L f /R ∼ 32. At these aspect ratios,
the filaments survived in only a few cases. In pure shear flow experiments, the bottom flat plate
was separated with shear velocities ranging from 1 to 90 mm/s. The imposed speeds corresponded
roughly to speeds experienced during gravure printing. The inertia effects were negligible in these
tests as the Reynolds numbers were all very low, ℜ= D0Vρ/η0 < 5 × 10−2. Here D0 and U are
the characteristic diameter and velocity, while ρ and η0 are the fluid density and zero-shear-rate
viscosity. The filament profile evolution during the stretching, shearing and the breakup process
was examined using a high-speed video camera (Vision Research, Phantom 4.6). The initial and
final mass of the fluid in the cavity was measured using a high precision mass balance (Mettler AC
100). The pickout fraction is defined as, φ = m/M, where m is mass transferred from the gravure
cell to the flat plate and M is the total mass of the fluid. The uncertainty in the experimentally
measured values of pickout was calculated to be below 2%.
Here we present the study only for the gravure cavity-on-top configuration and have not pre-
sented the study for the cavity-on-bottom configuration as was done in Sankaran and Rothstein
(15) due to experimental difficulties in accurately quantifying the pickout values, particularly at
velocity regimes where elongated fluid filaments were observed. Under shear deformation, as the
bottom plate is separated horizontally from the top plate, it does not remain vertically inline with
top plate. As a result, when long filament evolved and break-up, some fraction of fluid did not
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remain in the bottom plate, but was lost to the experimental stage area. This fraction of the fluid
was difficult to quantify. As a result, in this orientation deposition volume is easy to quantify, but
pickout volume is not. For that reason, we focused on the cavity-on-top configuration.
As seen in Figure 5.1, the bottom plate was a cylindrical rod with a diameter of D = 5 mm. In
all experiments presented here, the contact line of the liquid bridge was pinned at the edge of the
rod. It should be noted that in a real gravure printing process, the contact line of the liquid bridge
is not forcibly pinned but is free to move along a long flat substrate. In reality, however, either the
fluid viscosity or the wettability of the substrate inhibit contact line motion. Clearly the spreading
of the ink along the substrate is typically not a desired result for printing discrete patterns.
5.2.2 Test fluids
The shear thickening test fluid was formulated from 13 wt% fumed silica nanoparticles (Aerosil
@380, Evonik Industries; primary particle diameter 7nm, specific surface area 380m2/g) dispersed
in polypropylene glycol (PPG) (Aldrich Chemicals, average M.W 1000g/mol). In the text, this
fluid will be given the acronym 13Si-PPG. The shear thickening fluid sample was prepared accord-
ing to procedure reported in Khandavalli et al. (150). The viscoelastic test fluid formulated was
polyethylene oxide (PEO) (Aldrich Chemicals) solution dissolved in water. The PEO was mixed
with water and stirred for 24 h to obtain a homogenous solution. The viscoelastic fluid contained
20 wt% of 2 x 104 g/mol PEO to viscosify the solvent along with an additional 0.16 wt% of a
high molecular weight 8 x 106 g/mol PEO to make the fluid elastic. In the text, this fluid will
known to be as 8M PEO. The model Newtonian fluid used was a silicone oil with a viscosity of
5 Pa.s (RT5000, CANNON Instrument Co.). The surface tension of the shear thickening fluid,
viscoelastic fluid and the Newtonian fluid were measured to be 30 mN/m, 58 mN/m and 20 mN/m
respectively using a pendant drop tensiometer (Dataphysics OCA 15plus) (15).
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Figure 5.2: Steady shear viscosity as a function of shear rate. The data include: a) () 13Si-PPG,
(3) 8M PEO and ( ) Silicone oil.
5.2.3 Shear rheology
The steady shear rheology was probed using a stress-controlled TA DHR-3 rheometer using a
40 mm aluminum parallel-plate geometry at a constant temperature of 25◦C with a solvent trap
to prevent evaporation. The samples were pre-sheared to erase any shear history during sampling
preparation and handing (76; 140). After pre-shearing, each of the sample was were allowed to
rest for 4 minutes to reach equilibrium. Steady shear viscosity measurements were conducted in
the shear rate range between 0.1s−1 ≤ γ˙ ≤ 100s−1.
The shear rheology measurements for the three test fluids, shear thickening fluid (13Si-PPG),
viscoelastic fluid (8M PEO) and the Newtonian silicone oil, are shown in Figure 5.2. The shear
thickening fluid at low shear rates exhibited a shear thinning behavior, resulting from the formation
of strings of particles aligned along the direction of shear fields (19). At a critical shear rate of ap-
proximately γ˙ = 10 s−1, the fluid viscosity was found to exhibit sudden shear thickening by more
than an order of magnitude from 2 Pa.s to 50 Pa.s. The mechanism for the shear-thickening be-
havior of these nanoparticles has been attributed to the formation of large hydrodynamic-induced
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clusters of nanoparticles (19). With further increase in the shear rate, the fluid was observed to
shear-thin. The thinning at larger shear rates has been associated with yielding of the hydroclus-
ter microstructure. The steady shear response of both the viscoelastic fluid and the silicone oil
exhibited a constant shear viscosity of 0.2 Pa.s and 5 Pa.s respectively.
5.2.4 Extensional rheology
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Figure 5.3: Apparent extensional viscosity as a function of Hencky strain. The data include: ()
13Si-PPG and (3) 8M PEO.
The extensional viscosity of the three test fluids was measured using a capillary breakup ex-
tensional rheometer (CaBER). CaBER is typically used to characterize less viscous fluids making
it perfectly suited for 8M PEO (103; 142; 101; 100; 102). The CaBER measurements presented
here were performed using a high-speed capillary breakup extensional rheometer designed and de-
veloped specifically for these experiments. In CaBER experiments, a cylindrical liquid bridge is
created between two circular plates and is stretched from an initial length, L0, to a final length, L f ,
at a constant velocity. Once the stretch is stopped, the capillary thinning of the liquid bridge formed
between the two end plates results in a uniaxial extensional flow that can be used to measure ex-
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tensional viscosity and extensional relaxation time. By monitoring the evolution of the filament






The apparent extensional viscosity, ηE , can be calculated by applying a force balance between
capillary stresses and the viscous and elastic tensile stresses within the fluid filament ignoring








The initial and final aspect ratios of the liquid bridge were set as, Λ0 = 1 and Λ f = 3. Where Λ0
= L0/R0 and L0 is the initial separation between the plates.
The apparent extensional viscosity, ηE , as a function of Hencky strain, ε , for the shear thick-
ening fluid and the viscoelastic fluid is shown in Figure 5.3. For both the fluids, the apparent
extensional viscosity increases with increasing Hencky strain indicating extensional thickening of
the fluids. At low Hencky strains, the Trouton ratio, Tr= ηE,0/η0, for both fluids is approximately
three, Tr ≈ 3. The steady-state Trouton ratio, Tr = ηE,∞/η0, of 13Si-PPG and 8M PEO were
found to be approximately Tr = 50 and Tr = 2500, respectively, indicating significant extensional
thickening of both the test fluids. These measurements are consistent with previous measurements
of similar systems in the literature (150; 155). Fitting the 8M PEO data to an Oldroyd-B model, an
extensional relaxation of λE = 0.2 s was calculated.
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Figure 5.4: Pickout fraction as a function of extensional velocity, Vz (filled symbols) and shear
velocity, Vx (hollow symbols). The data include: () 13Si-PPG and ( ) silicone oil.
5.3 Results and discussion
5.3.1 Ink transfer behavior of a shear thickening fluid
5.3.1.1 Effect of extension
The fraction of ink transferred from an idealized gravure cell (also known as the pickout frac-
tion) with increasing imposed extensional velocities, Vz, and shear velocities, Vx, was studied for
the shear thickening fluid and compared to the results of a similar shear viscosity Newtonian fluid.
The pickout behavior of this shear thickening fluid was previously studied for a purely extensional
deformation through a combination of experiments and numerical simulations (150). The pure ex-
tensional pickout measurements have been repeated here so they could be used for comparison with
the measurements for both pure shear and mixed kinematics gravure printing experiments. The
pickout fraction with increasing extensional velocity from 0.5 mm/s ≤ Vz ≤ 200 mm/s is shown
in Figure 5.4 for both the shear thickening fluid and the Newtonian fluid. For velocities where the
capillary number is low, the pickout is a quasi-equilibrium process and is governed predominantly
by surface tension and gravity. As the velocity is increased, shear stresses become important and
the effect of shear thickening becomes apparent. At low extensional velocities, Vz < 3 mm/s, the
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imposed extensional rate, ε˙ ∼= Vz/Li, is not large enough to cause the extensional viscosity of the
nanoparticle suspension suspension to thicken. As a result it should behave like a Newtonian fluid
in this regime and the pickout behavior of 13Si-PPG found, as expected, to be similar to that of
the Newtonian fluid. The lack of perfect collapse of the data in Figure 5.4 are due to differences in
shear viscosity between the nanoparticle suspension and the Newtonian silicon oil. If the data were
plotted against capillary number instead of extensional velocity these data would collapse well.
Figure 5.5: Terminal filament interface profiles of 13Si-PPG for imposed extensional velocity of
a) Vz = 35 mm/s, b) 80 mm/s, and shear velocity of c) Vx = 7.5 mm/s and d) 25 mm/s.
At moderate extensional velocities, 3 mm/s <Vz < 30 mm/s, the pickout fraction for 13S-PPG
shown in Figure 5.4 was found to grow rapidly from 0.4 to 0.7 with increasing velocity due to the
onset of thickening of the fluid’s extensional viscosity as seen in Figure 5.3. Filament stretching
extensional rheology measurements have shown that the onset of thickening of the extensional
viscosity occurs at extension rates of ˙εcr ∼ ˙γcr/
√
3. Where ˙γcr is the critical shear rate for the onset
of shear thickening which for the 13Si-PPG fluid was found to be ˙γcr = 10s−1. This analysis is
consistent for the onset of extensional thickening effects at Vz = 3 mm/s or an equivalent extension
rate of ˙εcr ∼ 4 s−1. The large extensional viscosities of the 13Si-PPG solution in this regime
are accompanied by long life times of the filaments pulled from the gravure cell as shown in
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the Figure 5.5a. The stabilization of the fluid filaments against capillary breakup resulting from
the large extensional viscosity of the fluid coupled with a break in the symmetry of the filament
shape due to gravity has been shown through numerical simulations, to be the cause for the major
pickout enhancement observed for shear thickening fluids (150). In this case, the pickout fraction
was found to double from 38% to 68%.
For large extensional velocities tested, Vz > 30 mm/s, the pickout fraction was found to quickly
decline with increasing imposed velocity to less than 30% before reaching a plateau. In this regime,
the fluid filaments were found to evolve from a uniform cylindrical shape at low deformation rates
to a pair conical shaped filaments attached to the top and bottom end plates as shown in Figure 5.5b.
These conical shaped filaments were consistently observed within the high velocity plateau regime
independent of the magnitude of the imposed velocity. The evolution of the conical shaped filament
has been shown to be due to a sharp thinning of the shear and extensional viscosity of these fluids
at large deformation rates (150). By comparison, the pickout fraction obtained for the Newtonian
fluid was found to decrease monotonically with increasing extensional velocity. This trend is
consistent with the prediction of numerical simulations for Newtonian fluids, with the gravure cell
on the top plate for Bond numbers greater than one (16). The Bond number is the relative ratio of
gravity to interfacial tension forces, Bo = ρgR2/σ and is approximately Bo ∼ 3 for the silicon oil
tested here. The comparison with Newtonian fluid clearly demonstrates the dramatic impact shear
thickening can have on gravure printing even in the absence of shear.
5.3.1.2 Effect of shear
The effect of a pure shear deformation on the pickout of the shear thickening fluid from an
idealized gravure cell was studied by imposing a velocity orthogonal to the stretch direction, Vx, as
seen in Figure 5.1. The shear velocity was varied from 1 to 90 mm/s and the results are presented
alongside the extensional pickout data in Figure 5.4. At low shear velocities and capillary numbers,
the pickout dynamics and fraction were predominantly governed by surface tension and gravity.
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The shear-induced pickout behavior of the Newtonian and shear-thickening fluid superimpose in
this regime with both appear to be decreasing slightly with increasing shear velocity as expected
from theory, experiments and simulations (135; 151; 153). As the shear velocity was increased,
the pickout fraction of each increased slowly and small differences between the two fluids arose
due to the fact that the viscosity and thus the capillary number of the Newtonian fluid is larger
than the shear-thickening fluid at any given shear velocity in this flow regime as long as the shear
rates are below critical shear rate for shear thickening, γ˙ =Vx/Li < ˙γcr. As discussed previously, if
the data were replotted as capillary number the Newtonian and shear thickening fluid data would
superimpose in this regime. Slow growth in the pickout fraction is expected in this moderate
capillary number regime, Ca > 0.25, as predicted by Campana and Carvalho (153).
For shear velocities ranging between 5 mm/s < Vx < 7.5 mm/s, the shear-induced pickout of
the shear-thickening fluids was found to increase quickly as a result of shear thickening. The shear
rate at the onset of pickout enhancement was found to be approximately γ˙ =Vx/Li ∼ 16s−1. This
corresponds well with the shear thickening transition observed in the rheological measurement in
Figure 5.2. Although the maximum pickout fraction was found to be much lower in shear than ex-
tension, 30% versus 70%, the changes resulting from the shear thickening transition still represents
a 50% enhancement of the pickout fraction compared to the results from the low velocity regime.
As shown in Figure 5.5c, elongated filaments with significantly increased lifetimes were found to
evolve at the late stages of the shear-induced pickout process at these velocities. These elongated
filaments appeared after the plates had fully separated. As a result, even though the initially im-
posed flow kinematics were pure shear, once the plates fully separated, the flow transitioned to an
extensional flow albeit in the x-direction. Because these stretches are not vertical, in some cases,
sagging of the fluid filament under gravity can be observed.
With an increase in the shear velocity beyondVx > 7.5 mm/s, the shear-induced pickout fraction
exhibited a slow decline before eventually reaching a plateau at large shear velocities. In the plateau
regime, the filaments were found to evolve from an elongated cylindrical filament towards a conical
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shape as shown in Figure 5.5d. These filament shapes are similar to those observed in the plateau
regime of the extensional pickout although aligned in the x-direction and distorted some by the
shearing at the edge of the plates. This suggest a similar shear and extensional viscosity thinning
transition of the viscosity can impact both shear-induced and extension-induced pickout dynamics.
This observation is reinforced by the pickout fraction for the shear and extensional flow induced
pickout which approach each other in the regime where conical filaments were formed.
Figure 5.6: Time evolution of a) pure shear-induced pickout at shear velocity ofVx = 7.5 mm/s and
b) pure-extension-induced pickout at an extensional velocity of Vz = 10 mm/s for 13Si-PPG.
In order to better understand the differences in the mechanism of shear and extensional pick-
out, the time evolution of shear and extensional pickout processes were examined through a high
speed imaging. A sample time series for two experiments, a pure shear pickout and a pure exten-
sional pickout with a velocity of Vx = 7.5 mm/s and Vz = 10 mm/s respectively are presented in
Figure 5.6. During the shear pickout process, at initial times when the horizontal displacement (x)
of the bottom flat plate was within the width of the gravure cavity (D), x < D, the liquid bridge
underwent a predominant shear deformation, where the liquid was dragged from the gravure cell
onto the land outside the cell area. The instantaneous shear rate imposed by the top plate motion
can be approximated as, ˙γxz ∼ Vx/Li. With time, the bottom flat plate moved out from under the
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top plate (x > D). As this occurred, the shear flow is replaced by an elongational deformation,
and the fluid on the cavity land is stretched until the breakup occurs. The late-stage evolution of
shear-thickening filaments for pure shear-induced pickout at different velocities can be found in
the bottom row of Figure 5.9. It is clear from these images that the filament evolution due to late
stage elongational stretching was present, even at the lowest shear velocity of Vx = 1 mm/s, after
an initial shear deformation of the liquid bridge. The approximate transverse elongation rate after
the plate separation, can be approximated as, ˙γxz = Vx/X , where X =
√
Li2+(Vxt)
2 is the length
of the filament. This transverse elongational rate decays with time because the imposed separa-
tion velocity is constant and eventually approaches ˙γxz α 1/t. The late stage filaments shapes and
lengths formed during the shear pickout process were found to be quite similar to the filaments
formed during extensional pickout, as shown in the first column of Figure 5.9. The qualitative sim-
ilarity between the trends of shear-induced pickout and the extensional-induced pickout is likely
due to similar late stage extensional deformation and break-up dynamics of the filament seen in
Figure 5.9.
Figure 5.7: Schematic diagram of a) pure extensional motion, b) pure shear motion and c) mixed
shear and extension motion of an idealized gravure cell imposed during the liquid transfer process.
Given the late stage similarities, the reduction of the shear-induced pickout compared to the
extensional-induced pickout appears is most likely due to the shearing of the liquid bridge at early
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times (x< D). At the early stages of the shear-induced pickout, the liquid from the gravure cell is
forced to spread over the land bordering the gravure cavity. The formation of a static fluid reservoir
on the cavity land driven out of the cavity by the shear deformation can be observed in the series of
images in the bottom row of Figure 5.9. This expansion of fluid wetting area could be major factor
limiting the final shear-induced pickout fraction. This spreading of fluid onto cavity land in shear
is shown schematically in the Figure 5.7b and is absent in the extensional pickout out process due
to axisymmetric stretching of the liquid bridge, as shown in the Figure 5.7a. In the next section, we
show that when an extension velocity is superimposed over shear, as shown in the Figure 5.7c, this
spreading of fluid onto the cavity land can be prevented, minimizing the loss of the pickout due
to adhesion. Note, however, that the adhesion of the liquid in shear deformation and the resulting
pickout loss could also be avoided by decreasing the wettability of the cavity land of the gravure
cell through a physical and/or chemical pretreatment.
5.3.1.3 Effect of shear and extension
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Figure 5.8: Pickout fraction as a function of extensional velocity (filled symbols) and shear veloc-
ity (hollow symbol) for 13Si-PPG. Half-shaded symbols correspond to different fixed orthogonal
velocities superimposed over varying extensional velocity. The shear velocities include: (4) Vx =
5 mm/s, (3) 7.5 mm/s, (O) 25 mm/s and (7) 80 mm/s.
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In this section, we present a study of the influence of a combination of the shear and extensional
deformation on the total pickout of a shear-thickening fluid. In the experiments, four different shear
velocities were chosen to superimpose over a wide range of extensional velocities ranging from
0.1 ≤ Vz ≤ 200 mm/s. The pickout results for these experiments with complex flow kinematics
are shown in Figure 5.8. The fixed shear velocities were chosen from two shear pickout regimes;
moderate velocities of Vx = 5 mm/s and 7.5 mm/s velocities, where the shear pickout exhibited
an enhancement due to late stage transverse extensional thickening and large velocities of Vx = 25
mm/s and 80 mm/s, where the pickout plateaued due to shear and extensional thinning of the fluid.
In the first regime, for fixed shear velocities of Vx = 5 mm/s and 7.5 mm/s, as the simultaneously-
applied extensional velocity was increased, the total pickout fraction was found to increase from
the pure shear pickout values up to and then beyond the value associated with the pure extensional
pickout process. For the Vx = 5 mm/s case, the pure extension pickout fraction was improved by
approximately 10% with the superposition of the shear velocity. This observed enhancement could
be in part due to enhanced dewetting from the upstream gravure cell cavity corner as pictured in
Figure 5.7c.
The evolution in pickout behavior from shear dominated to extensionally dominated can be seen
in the images of the final filament shape presented in Figure 5.9. For shear velocities below Vx <
7.5 mm/s, the terminal filament shapes gradually approach the shape of pure extensional pickout
as the strength of the extensional flow is increased. Note, however, that the stretch orientation
in each case becomes aligned with the direction of the total velocity vector. Interestingly, for
larger superimposed shear velocities of Vx = 10 mm/s and 40 mm/s, as the extensional velocity
was increased, the total pickout was found to increase only slightly before collapsing onto the
high velocity terminal plateau value associated with pure extensional-induced pickout. As can be
observed in Figure 5.9, at these velocity combinations the filaments were found to consistently
evolve into the conical shaped filaments associated with the onset of extensional thinning of the













































Figure 5.9: Filament interface profiles just prior to break up for the shear thickening test fluid,
13Si-PPG , for a combination of imposed extensional velocities and shear velocities.
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Figure 5.10: Pickout fraction as a function of effective strain rate for 13SI-PPG. Filled symbols
correspond to pure extension rate, ˙γzz =
√
3 Vz/Li and hollow symbols correspond to pure shear




This observation suggests that the data could be better understood if the relative strength of the
shear and extensional deformation on the fluid pickout were not shown as velocities, but instead






2 , where ˙γxz =Vx/H and ˙γzz =
√
3Vz/H. The
results are presented in Figure 5.10. In Figure 5.10, the pickout fraction for a combination of
shear and extensional deformation collapses quite well when plotted against effective strain rate.
The total pickout transitions from shear dominant to extensional dominant or vice-versa, can be
clearly discriminated and it typically occurs once ˙γzz > ˙γxz. For the cases where the effective strain
rates imposed were below the high extensional velocity plateau ( ˙γxz < 12s−1), the total pickout
was found to improve by approximately 10% for any given effective strain rate with the addition
of even the smallest amount of shear. This improvement in the total pickout could be due to an
effective dewetting of the upstream contact line down the cavity wall induced by the combination
of shear and the extensional motion imposed. Although it should be noted that, even after making
several attempts to visualize the contact line motion, experimental challenge made it impossible to
collect any conclusive evidence for or against complete dewetting. What appears to be dewetting
102
along the upstream corner of the gravure cell could simply be a large deformation of the fluid
interface into the gravure cell while the contact line remained pinned at the upstream corner. We
continue to explore new visualization techniques of the contact line motion in hopes of eventually
being able to provide new insights on the mechanism of the ink transfer that can be utilized in
future theoretical and computational studies.
The pickout fraction in Figure 5.10 showed the same collapsed with increasing deformation
rate as was observed pickout data for pure extension. However, it should be noted that, for the
highest shear rates tested, ˙γxz > 12 s−1, the superposition of additional extensional deformation
only resulted in a slight increase in the pickout fraction. In these cases, the total pickout did
not follow the trend in extensional pickout fraction even when the extension rates imposed were
much larger than the imposed shear rates, ˙γzz > ˙γxz. Instead the pickout fraction variation with
deformation rate was similar to the pure shear result. In all cases, when the effective strain rate
is larger than γ˙e > 90s−1 a plateau in the total pickout fraction was observed, accompanied by a
conical filament profile as shown in Figure 5.9. These results clearly demonstrate the importance
of both late stage extensional deformation and the initial shear deformation on the pickout process
in gravure printing. They also validate the use of the effective strain rate for physically interpreting
the data as nearly all the data collapsed onto a single master curve when recast in this way.
5.3.2 Ink transfer behavior of a viscoelastic fluid
5.3.2.1 Effect of extension
The effect of shear and extensional deformation on the pickout behavior of viscoelastic fluids
was also studied in order to extend these observations to a second class of non-Newtonian fluids.
The pickout fraction with pure extensional velocities or pure shear velocities imposed between 0.1
mm/s <V < 200 mm/s are presented in Figure 5.11. The data for the Newtonian silicone oil is also
presented for comparison. The effect of extensional deformation on the pickout behavior of vis-
coelastic fluids was found to be consistent with the previous studies (15). The extensional pickout
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Figure 5.11: Pickout fraction as a function of extensional velocity (filled symbols) and shear ve-
locity (hollow symbols). The data include: (3) 8M PEO and ( ) silicone oil.
was found to strongly increase, by more than 71%, with increasing velocity from 10 mm/s to 200
mm/s from a value of 38% to 65%. By comparison, at these high velocities, the pickout fraction
of the viscoelastic solution was more than twice the Newtonian silicone oil. At low velocities, the
Weissenberg number,Wi = λE ε˙ << 1, is small. As a result, elastic effects are not important and, as
expected, the data collapsed onto the results for the Newtonian fluid. The slight difference is due
to the different in viscosity at these shear rate; the viscosity of the Newtonian fluid is significantly
larger than the viscoelastic fluid. If the data were replotted as a function of capillary number in-
stead of velocity, the Newtonian fluid data would shift to the right by a factor of more than ten and
the data for both the fluids would collapse. At larger velocities, where the Weissenberg number
is greater than one, Wi > 1, elastic effects become important resulting in the large deviation from
the Newtonian result. As shown in first column of Figure 5.13, the filaments were found to ex-
hibit an increased lifetime for Vz > 10 mm/s because of the thickening of the extensional viscosity
of the fluid. As described in the literature, the late stage break-up of the elongated filament near
the top cavity and the subsequent gravitational drainage towards the bottom plate results in the
enhancement of the extensionally-induced pickout (15; 16).
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5.3.2.2 Effect of shear
The effect of pure shear deformation on the fluid pickout is shown in Figure 5.11. The pickout
fraction of the viscoelastic fluid was found to increase slowly with increasing shear velocity up
to a velocity of Vx = 20 mm/s much like the Newtonian. Beyond Vx > 20 mm/s, a sharp growth
in the pickout fraction was observed within less than a decade change of 43% in imposed shear
velocity. Over the same range of imposed shear velocities, the pickout fraction for the Newtonian
fluid increased by only 10%. This behavior qualitatively matches the fluid response of pure ex-
tensional pickout although the viscoelastic enhancement in the shear-induced pickout fraction was
slightly less dramatic. As shown in the bottom row of Figure 5.13, with increasing shear velocity,
the filament shape just prior to breakup were found to become more elongated in the transverse
direction with increasing shear velocity. The filaments were also observed to survive longer before
breakup. This observation suggests there is a thickening of the extensional viscosity of the fluid
at late stages of the shear pickout process where the pickout process morphs from a shear to a
extensional flow in the x-direction.
In the computational study performed by Chung and Kumar (154) for viscoelastic fluids, the
presence of shear motion, for both the boundary condition with a pinned contact line at the top
plate as well as with no free interface at the downstream (outlet) of the top plate, a growth in the
normal stress at the top-corner of the cavity was found to enhance the pickout fraction. In our
experiments, a similar pickout enhancement associated with a shear induced normal stress growth
in the cavity corner in the initial shear motion is likely. Conversely, in the pure extensional motion,
the computations by Lee et al. (16) on viscoelastic fluids show that such growth of the elastic
normal stresses growth at the free surface near the cavity, albeit axisymmetric, were observed to
hinder the fluid pickout at the initial times, however, the late stage filament dynamics were found
to dominate the final pickout. One should note that although pickout fraction is improved with
increasing shear velocity, the resulting elongated fluid filaments and the misalignment between
the top and bottom plates at breakup will likely result in a significantly reduced printing fidelity
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as the shear velocity is increased. Although printing quality is not quantified here, the presence
of horizontal, highly stretched filaments is clearly not desired in most real world gravure printing
applications.
5.3.2.3 Effect of shear and extension
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Figure 5.12: Pickout fraction as a function of extensional velocity (filled symbols) and shear veloc-
ity (hollow symbols) for the viscoelastic test fluid, 8M PEO. Half-shaded symbols correspond to
different fixed shear velocities superimposed over varying extensional velocity. The superimposed
shear velocities include: (4) Vx = 1 mm/s, (©) 10 mm/s, (7) 30 mm/s and (O) 80 mm/s.
Finally, we examined the influence of a combination of shear and extensional deformation on
the pickout fraction of the viscoelastic fluids (8M PEO). The pickout fraction with increasing ex-
tensional velocity for a series of four different shear velocities is superimposed over the extensional
flow data in Figure 5.12. At low extensional velocities where shear effects dominate, the pickout
fraction was found to be close to, but always slightly larger than, the pure shear-induced pickout
fractions. As the extensional velocity was increased, the pickout fraction was found to increase
and approach the values of pure extensional pickout, eventually mirroring the pure extensional
pickout data for extensional velocities above Vx > 10 mm/s. At these extensional velocities, the
effects of strain hardening of the fluid’s extensional viscosity to become dominant as seen from the
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long-lived filaments formed in Figure 5.13. An enhancement in the total pickout fraction when an
extensional motion is superimposed over horizontal motion has also been reported for numerical













































Figure 5.13: Terminal filament interface profiles of 8M PEO for a combination of imposed exten-
sional velocities and orthogonal velocities.
The filament shapes just prior to breakup can be seen in Figure 5.13 for a wide range of com-
binations of extensional and shear velocities imposed. The filament were found to grow longer
with increasing effective deformation rate and appear to dewet from the upstream gravure cavity
corner with even the smallest amount of shear superimposed over the extensional flow. At high
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shear velocities, however, the filament appeared to be driven past the downstream corner and onto
the land surrounding the gravure cell cavity. This could explain why at moderate imposed shear
velocities, Vx ≤ 30 mm/s the pickout fraction appears to be improved by 5 - 8% with the addition
of shear, but at large shear velocities, Vx ≥ 80 mm/s, shear appears to be slightly detrimental to the
pickout fraction.
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Figure 5.14: Pickout fraction as a function of effective strain rate for the viscoelastic test fluid,
8M PEO. Filled symbols correspond to pure extension rate, ˙γzz =
√
3 Vz/Li and hollow symbols





The effect of shear and extensional deformation on the fluid pickout can be made clearer if, as
before, were cast the data as a function of the effective strain rate. This is done in Figure 5.14. For
the cases where both shear and extensional deformation were superimposed, a clear transition from
a shear-dominated to an extension-dominated response can be observed as the imposed extensional
strain rate grows larger than the imposed shear rate, ˙γzz > ˙γxz. This result reinforces the importance
of considering the local shear and extension rates of the imposed flow in order to fully understand
and predict the effect of process parameter variation on gravure printing of non-Newtonian liquids.
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In this study we have examined the ink transfer behavior only for a cavity-on-top configuration
for both shear thickening and viscoelastic fluids as mentioned previously. In the previous studies
by our group (15; 150) on the ink transfer behavior for an extensional deformation imposed using
the same test fluids, the role of gravity on the pickout has been examined for both cavity-on-top
and cavity-on-bottom configurations, as the Bond number of both viscoelastic fluids and the shear
thickening fluids are Bo ≥ 1. The fluid pickout was found to be assisted by gravity for a cavity-
on-top configuration and a vice-versa effect for a cavity-on-bottom configuration, with marked
effect at velocities where the fluid undergoes extensional thickening. The pickout study for an
imposed shear deformation, with cavity-on-bottom configuration, which was not presented due to
experimental difficulties, we expect gravity to have a similar negative effect on the shear pickout.
5.4 Conclusions
The impact of shear and extensional deformation on the liquid bridge during ink transfer from
an idealized gravure cell was studied. The study was conducted for two different non-Newtonian
fluids; one a shear-thickening nanoparticle dispersions and the other a constant shear viscosity vis-
coelastic polymer solution. The pickout dynamics were studied over a range of extensional and
shear velocities chosen to induced shear thickening and elastic effects in the two fluids. With the
imposition of a pure extensional pickout process, the shear-thickening fluid was found to initially
behave like a Newtonian fluid before growing quickly, by 86%, with increasing imposed veloc-
ity. The growth in pickout fraction resulted from the extensional thickening for the fluid and the
growth of highly elongated fluid filaments pulled from the gravure cells. At large velocities, the
pickout fraction strongly decayed, by a factor of approximately two, due to the dramatic thinning
of extensional viscosity of these fluids at large extension rates. The result was the formation of
conical-shaped fluid filaments.
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The shear-induced pickout behavior of shear-thickening fluids was found to be qualitatively sim-
ilar to that of extension-induced pickout, however, the amplitude of the growth and decay of the
pickout fraction was significantly weaker. The observation of evolution of the fluid filament shapes
during the shear pickout indicated a late stage transverse from a shear to an extensional deformation
process, with the filaments evolving with similar shapes to those observed during the extensional
pickout process albeit aligned horizontally rather than vertically. However, the shear-induced pick-
out fraction was found to be significantly lower than the extensional pickout for a given velocity.
The comparison of the time evolution of filaments suggested the weaker shear-induced pickout
fraction is due to the shearing motion of the liquid bridge which pulls the fluid from the gravure
cell and forces it onto the land bordering the gravure cavity. The increased liquid solid contact area
increased the adhesion strength and limited the final pickout fraction. This adhesion of the liquid
in shear deformation and the resulting pickout loss could be avoided and the pickout fraction can
be increased by decreasing the wettability of the land through a physical/chemical pretreatment.
The effect of a combination of shear and extensional deformation on the pickout fraction of the
shear thickening fluid was also studied. Superimposing extensional flow over shear improved the
pickout fraction preventing the adhesion of the fluid onto gravity land area and eventually domi-
nated by extensional deformation for ˙γzz > ˙γxz. For shear velocity below the rate-thinning pickout
plateau regime, superimposing extensional velocities was found improve the pickout fraction for
up to 10%, which is likely associated with asymmetric dewetting of the upstream cavity wall by the
superimposed flow. Whereas for a shear velocity in the rate-thinning plateau regime, superposition
of extensional velocities only exhibited a slight enhancement in the pickout fraction. The effect
of shear and extensional deformation on the pickout fraction was further examined by casting the
pickout data as a function of effective strain rate. The transitions of the pickout behavior from shear
to extension-dominated deformation regimes or vice-versa were clearly observed as a function of
strain rate.
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For the case of viscoelastic fluids, the extension-induced pickout was found to exhibit a strong
increase with increasing velocity, for up to 71%, compared to a Newtonian fluid. This enhancement
in the pickout fraction is due to the extensional thickening of the fluid, accompanied by a long-
lived fluid filaments for Weissenberg number greater than one, Wi> 1. The shear-induced pickout
exhibited a similar growth, by 43%, with increasing shear velocity. The enhancement in the shear-
induced pickout is due to the late stage elongation deformation transversed from pure shear after
the plates were fully separated and the resulting thickening of the extensional viscosity. This
is further confirmed from the observation of the long uniform filaments with increased life-time
similar to observed in the extension-induced pickout process. As before, the shear-induced pickout
magnitude was found to significantly lower than that of the extension-induced pickout.
The influence of a combination of shear and extensional deformation on the pickout fraction
was also studied for the viscoelastic fluids. Superimposing a small extensional velocity on a pre-
dominantly shear flow improved pickout fraction by avoiding adhesion of the pickout on the on
the gravure cavity land. Superimposing of extensional velocities over moderate shear velocity im-
proved the total pickout fraction by roughly 5 - 8%. This increase could be due in some part to the
enhanced interface deformation and perhaps even dewetting of the fluid at the upstream corner of
the gravure cell due to the symmetry breaking effects of the added shear. Whereas at large shear
velocities, superimposing extensional velocities was found to be minimize the pickout fraction by
approximately 6%. When the pickout fraction is presented not as function of velocity but as a
function of effective strain rate the data collapsed onto a single master curve. Using the effective
strain rate a clear transition was observed between shear and extensional dominated response for
˙γzz > ˙γxz during the ink transfer process.
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CHAPTER 6
THE IMPACT OF SHEAR-THICKENING RHEOLOGY OF PARTICLE
DISPERSIONS ON SLOT-DIE COATING
6.1 Motivation
Roll to roll printing is a continuous high throughput technology for fabricating flexible films.
The technology can potentially lower significant cost of manufacturing flexible devices compared
to conventional fabricating methods. Slot-die coating is a roll to roll processing technology used
to obtain excellent uniformity and very efficient coating (4). It is commonly used in many appli-
cations such as adhesive, magnetic tapes, imaging films (156), solar cells (157), OLEDs (158),
lithium-ion battery electrodes (159). Slot-die coating is a pre-meterd coating method where the
desired thickness is predetermined by setting operating parameters, feed flow rate and substrate
velocity. In slot-die coating process, the coating fluid is pumped through a narrow slit of the die,
where it is distributed uniformly to coat onto the moving substrate under the die. A schematic of
slot-die coating is shown in Figure 6.1. A stable and uniform coating is obtained only for a certain
range of operating parameters, flow rate and substrate velocity called as operating window (160).
Outside this window several coating defects such as air entrainment, flooding, ribbing, dripping
and streaklines, are commonly observed (5; 6).
The stability of the coating bead plays an important role in obtaining a stable and uniform
coating. The coating bead is the fluid in the gap between the die and the substrate. A balance
among several forces such as viscous, capillary, pressure, inertial and elastic forces is important
for the stability of the coating bead (156). Numerous investigations, experimental, theoretical and
numerical computations (160; 161; 10; 162; 163; 156; 164) exist on factors affecting the operating
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window of slot-die coating and the mechanism of coating defects. Ruschak (160) examined the
role of capillary pressures on the coating bead stability through quasi-static lubrication theory.
Higgins and Scriven (161) extended the study including viscous effects. Lee et. al. (10) and
Gutoff and Kendrick (162) experimentally determined the limiting operating parameters for stable
coating, termed as low-flow limit, or minimum wet thickness. It is defined as the maximum coating
speed for a given flow-rate (film thickness) or minimum flow-rate for a given coating speed at
which a uniform coating is possible (163). The variation of minimum wet thickness or low-flow
limit is commonly studied as a function of capillary number, Ca. The capillary number is the
ratio of viscous to capillary forces given by Ca = µV/σ . Where µ is fluid viscosity, V is the
substrate velocity and σ is the fluid surface tension. For Newtonian solutions, three regimes of
minimum wet thickness versus capillary number have been observed (165; 10; 163; 7). At low Ca
regime, the minimum wet thickness was found to increase with Ca. At moderate Ca, the minimum
wet thickness was found to be independent of Ca. At large Ca, the minimum wet thickness was
found to decrease with increasing Ca. Using flow visualization techniques, the mechanisms of
the instability of the coating bead at upstream and downstream have also been studied (163; 156;
166; 6; 7). The shape of the fluid meniscus between die lip and the substrate at the low-flow
limit has been correlated to different types of coating defects. The operating window can also be
expanded by applying a vaccum upstream to create a pressure gradient across the coating bead
(167; 4; 156; 164).
In printing and coatings, the coating fluids are commonly non-Newtonian or viscoelastic due
to the addition of polymer additives or particles to the coating fluids. There have been several
studies on the effect of polymer additives on the operating window of slot-die coating through
experiments, flow visualization techniques and numerical simulations (5; 156; 164; 168). Ning
et. al. (5) had examined the effect of polymer concentration on operating window. An optimal
polymer concentration was found to maximize the operating window. Yang et. al. (165) studied
the effect of polymer additives on the operating window and examined coating defects through
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experiments and flow visualizations. If the defect is ribbing, addition of polymer had no effect on
the operating window, while expanded the operating window if the defects are air entrainment or
breaklines coupled with dripping. Romero et. al. (156; 164) in their computations and experiments
have examined the low-flow limit of viscoelastic solutions and the mechanism of instability. At
low Weissenberg numbers, Wi, extensional thickening expanded the operating window. However,
at large Weissenberg numbers, Wi > 1, extensional thickening was found to have negative impact
on the operating window. The Weissenberg number is defined as the product of the fluid relaxation
time, λ , and shear rate imposed, γ˙ . Several computational investigations also exist examining the
role of viscoelasticity on slot-die coating (169; 168; 170; 171).
Few studies exist on slot-die coating of shear-thinning solutions using blackstrap molasses (172;
173). Bhamidipati et. al. (172) through numerical simulation and experiments have found that the
shear-thinning behavior can expand the coating window. The minimum wet thickness was found
to be independent of Ca, similar to a regime observed for the case of Newtonian fluids (7). Didari
et. al. (173) through numerical computations and experiments have examined the dynamic contact
angle of the upstream meniscus of the coating bead at low-flow limit of shear-thinning fluid. The
dynamic contact angle was found to correlate with the onset of air entrainment and dripping defect
and increased with increasing capillary number. The variation of dynamic contact angle with
capillary number was found to be independent of the degree of the shear-thinning.
Literature also exits on slot-die coating of particle dispersions (174; 175; 176; 177). Yamamura
et. al. (174) conducted coating tests on dilute suspensions of poly(methylmethacrylate) (PMMA)
particles. The addition of particles was found to postpone the air entrainment. An optimal particle
concentration and particle size has been found to maximize the critical velocity for the onset of
air entrainment. A novel air-entrainment mechanism of air-film splitting by particle contacts has
been proposed through lubrication model. Chu et. al. (175) through a combination of experi-
ments, computations, and flow visualization examined the effect of particle concentration, size and
surface texture on the operating window. They have conducted tests on suspensions of TiO2 and
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SiO2 dispersed in an aqueous polyvinyl alcohol (PVA) solutions. The addition of particles was
found to expand the coating window due to increased viscosity and increased interfacial tension
associated with particle-polymer interactions. The particle texture such as porous or hard sphere,
which influenced the interfacial tension, has also been found to affect the operating window. The
same researchers (176) have studied the impact of polymer of adsorption onto particles and pH of
the dispersions on slot-die coating using SiO2 and TiO2 dispersions in PVA solutions with varied
molecular weight and degree of hydrolysis. An increase in the interfacial tension of dispersions
or the amount of polymer adsorption was found to expand the coating window. Lin et. al. (177)
investigated the effect of particle size and particle concentration on the operating window using di-
lute suspensions of poly(methylmethacrylate) (PMMA) particles in glycerol. They have observed
two types of defects, ribbing and air entrainment outside the operating window. When the defect is
ribbing, which is typically observed for low viscosity solutions, the operating window was found
to be insensitive to the addition of particles. However, when the defect is air entrainment, for rel-
atively high viscosity solutions, increasing particle concentration or decreasing particle size was
found to expand the operating window.
Most studies on slot-die coating were for homogenous Newtonian fluids or dilute suspensions.
There are relatively few studies on the slot-die for the case of non-Newtonian fluids. Roll-roll
technology can involve slot-die coating of variety of suspensions for fabrication of materials for
broad range of applications. At sufficiently large particle concentrations, the dispersions can po-
tentially shear-thicken. We propose to investigate the effect of shear-thickening on slot-die coating
by conducting tests on a series of particle dispersions. The shear-thickening material system for
















Figure 6.1: Schematic of slot-die coating experimental set-up
Table 6.1: Slot-die parameters and range of experimental operating parameters.
Die parameters Dimensions
Die length (L) 48 mm
Die width (B) 24 mm
Slot gap width (W ) 0.50 mm
Coating gap (H) 0.1 - 1.0 mm
Cavity radius (R) 4.7 mm
Substrate velocity (V ) 1.0 - 25.0 mm/s




The slot-die coating experiments were performed on a custom-built lab-scale slot-die coater.
The schematic of the slot-die coating experimental set-up is shown in Figure 6.1. The critical
dimensions of the slot die coater geometry in Figure 6.1 are presented in Table 6.1. A syringe
pump (kd Scientific, model 100) was used to deliver the fluid through the slot-die set vertically
downward, with flow rates ranging from 8 to 125 mm3/s. The coating fluid pumped through the
slot-die was coated onto a PET substrate moving horizontally with velocities ranging from 1 mm/s
to 25 mm/s using two steel rollers. The range of volumetric flow rates and the web speeds used
satisfy the law of conservation of mass. The evolution and uniformity of the coating was visualized
under the die through a high speed camera (Vision Research, Phantom 4.6). The coated fluid was
recovered to recycle using a scraper at far downstream. In order to construct an operating window,
the flow rate was held constant and the velocity of the substrate was increased incrementally to
identify the critical velocity for the onset of coating defect. The process was repeated for different
flow rates and coating gaps. The PET susbtrate (Melinex) used was measured using Atomic Force
Microscopy (AFM) and found to have an rms roughness of 8 nm and the surface energy of PET
reported in literature is approximately 41 mJ/m2 (178).
6.2.2 Test fluids
Our model fluid was fumed silica nanoparticles (Aerosil @200, Evonik Industries; primary
particle diameter 12nm, specific surface area 200m2/g) dispersed in polypropylene glycol (PPG)
(Aldrich Chemicals, average M.W 1000g/mol). A series of test fluids with varying concentration
(0 wt% to 10 wt%) were prepared by mixing in a blender for an hour until a transparent and
colorless dispersion was obtained. The resulting dispersions were kept in the vacuum chamber
for several hours to remove the air bubbles before use (18). The surface tension was measured
using a pendant drop tensiometer (Dataphysics OCA 15plus). The surface tension was found to be
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Figure 6.2: Steady shear viscosity as a function of shear rate for a series of fumed silica dispersions
in PPG. The data include a series of particle concentrations: () 5.0 wt%, (©) 7.5 wt% and ()
10 wt%.
insensitive to the nanoparticle concentration, and was found to be σ = 30mN/m. Model fluids for
Newtonian cases were silicone oil of viscosities 5 Pa.s (Silcone5) (RT5000, CANNON Instrument
Co.) and 30 Pa.s (Silcone30) (VISCO-30M, GE Silicones) of surface tension, σ = 20mN/m. The
equilibrium contact angle of PPG and silicone oil (5 Pa.s) on the PET substrate were measured
from sessile drop method and found to be 19◦ and 32◦ respectively.
6.2.3 Shear rheology
The shear rheology was probed using a stress-controlled TA DHR-3 rheometer using a 40 mm
aluminum parallel-plate geometry at a constant temperature of 25◦C temperature with a solvent
trap to prevent evaporation. The samples were pre-sheared to erase any shear history during sam-
pling preparation and handing (76; 34). After pre-shear, samples were allowed to rest for 4 minutes
to reach equilibrium. Steady shear viscosity measurements were conducted in the shear rate range
of 0.1s−1 ≤ γ˙ ≤ 100s−1.
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The shear rheology of fumed silica nanoparticle dispersions in PPG with increasing silica con-
centration from 0 to 10 wt% is shown in Figure 6.2. The test fluids were all found to be shear
thinning at low shear rates. This behavior has been shown to result from the formation of strings
of particles aligned along the direction of shear fields (19). For concentrations above 5 wt% fumed
silica, the fluids were found to shear-thicken beyond a critical shear rate. The magnitude of shear-
thickening was found to progressively increase with increasing silica concentration from 7.5 wt%
to 10 wt%. The mechanism for the shear-thickening behavior of these nanoparticles has been at-
tributed to the formation of large hydrodynamic-induced clusters of nanoparticles (19). The critical
shear rate for the onset of shear rate of shear-thickening was found to decrease from γ˙c = 7 s−1 to
γ˙c = 4 s−1 with increasing particle concentration. At even larger shear rates (γ˙ > 50 s−1 for 7.5
wt% and γ˙ > 20 s−1 for 10 wt%), the fluids were found to again shear-thin due to yielding of the
microstructure at the large applied shear stresses.
6.2.4 Extensional rheology
Elongational viscosity of the test fluids was measured using a capillary breakup extensional
rheometer (CaBER), as described in the section 3.2.2.2. In the CaBER experiments presented here,
the initial and final aspect ratios of the liquid bridge were set as, Λ0 = 1 and Λ f = 3. Where Λ0 =
L0/R0 and L0 is the initial separation between the plates. Due to the shear-thickening nature of these
dispersions for concentrations above 5 wt%, the initial step stretch is created at slower velocities
ranging from 2 to 10 mm/s in order to minimize any influence of any deformation history on the
capillary breakup process. The time scales of step stretch are smaller than the viscous breakup
time scales, tv ∼ ηR0/σ , to observe capillary thinning (101).
In Figure 6.3a, the diameter evolution for a series of particle dispersions in PPG with silica
concentrations ranging from 5 wt% to 10 wt% is shown. An increase in the lifetime of the filament
was observed with increasing particle concentration indicating an increasing extensional viscosity.
The apparent extensional viscosity, ηE , thus calculated using equation 5.2 is shown as a function
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Figure 6.3: a) Diameter evolution as a function of time during a capillary breakup extensional
rheology measurements for the particle dispersions. The corresponding plots of extension rate
versus Hencky strain are shown in the inset. b) apparent extensional viscosity as a function of
Hencky strain for a series of fumed silica dispersions in PPG. The data include for a number of
different particle concentrations: () 5.0 wt%, (©) 7.5 wt% and () 10 wt%.
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Figure 6.4: Flow rate, Q versus critical velocity for the onset of defect, Vc, for different Newtonian
fluids at a coating gap of 0.25 mm. The test fluids include (D) PPG (η = 0.15 Pa.s), (J) silicone oil
(η = 5 Pa.s) and (4) silicone oil (η = 30 Pa.s). The dotted line for silicon oil of 5 Pa.s represents
the second critical velocity of the onset of ribbing defect. The coating defects beyond the critical
velocities are labeled as AE for air entrainment, BL for breaklines and Rib for ribbing.
of Hencky strain, ε , for various particle concentrations in Figure 6.3b. The corresponding exten-
sional rates, ε˙ , calculated from the diameter decay using equation 5.1 are also shown in the inset.
The apparent extensional viscosity at low strains was found to increase with increasing particle
concentration as expected. Beyond a certain strain, the extensional viscosity increases indicating
extensional thickening of the fluid. This behavior increases with increasing particle concentration.
The Trouton ratio at low Hencky strains, Tr = ηE,0/η0, for all particle concentrations is approxi-
mately three as expected, Tr ≈ 3. The effect of particle concentration on extensional thickening is
consistent with the observations in literature (86; 18; 179).
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6.3 Results and discussion
6.3.1 Newtonian fluids
Prior to investigating the influence of non-Newtonian behavior on slot-die coating process, tests
were conducted on three Newtonian fluids; two silicone oils one with a viscosity of η = 5 Pa.s
(Silcone5) and the other with a viscosity of η = 30 Pa.s (Silcone30) along with pure polypropylene
glycol (PPG) with a viscosity of η = 0.15 Pa.s. The operating window, flow rate versus critical
velocity, usually obtained is a closed region, where several coating defects appear outside the
window. The lower bound of the operating window, where flooding or dripping is commonly
observed, was not possible to observe for most fluids due to experimental difficulties in obtaining
velocities lower than 1 mm/s. Therefore, only upper critical velocity, Vc, beyond which a coating
defect is observed for different flow rates, was studied. The operating window for the Newtonian
fluids are presented in Figure 6.4. The type of coating defect outside the operating window has
also been presented. For all test fluids, as the volume flow rate of fluid through the slot die was
increased, the critical web velocities for the onset of a coating defect was found to increase. As
the fluid viscosity was increased from η = 0.15 Pa.s to η = 5 Pa.s, the critical web velocity for
the onset of a coating defect for any given flow rates, was found to decrease by a factor of more
than three. Increasing the viscosity further from η = 5 Pa.s to η = 30 Pa.s only slightly decreased
the critical web velocities. This decrease in the critical web velocities for the onset of a coating
defect with increasing viscosity suggests that the fluid viscosity has a negative impact on the size
of the operating window. This behavior is consistent with the literature observations for the case
of homogenous Newtonian solutions (166; 177; 180; 162; 181; 172; 182).
Outside the operating window, a number of different types of coating defects were observed for
the three fluids as shown in the images in Figure 6.5. For the Silicone5 fluid, the coating defect at
low web speeds was initially observed to be air entrainment. As the velocity of the web was further
increased well beyond the stable coating window a secondary transition from air entrainment to a
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Figure 6.5: Images of coating for different Newtonian test fluids outside the operating window at
a coating gap of 0.25 mm. The images include a) stable coating of 5 Pa.s silicone oil at Q = 30.5
mm3/s, V = 3.2 mm/s , b) air entrainment defect for 5 Pa.s silicone oil at Q = 30.5 mm3/s, V = 5.7
mm/s, c) ribbing defect for 5 Pa.s silicone oil at Q = 30.5 mm3/s, V = 11.8 mm/s, d) breaklines
defect in 30 Pa.s silicone oil at Q = 24.9 mm3, V = 4.1 mm/s e) air entrainment defect in 30 Pa.s
silicone oil at Q = 24.9 mm3, V = 4.8 mm/s and, f) irregular ribbing and air entrainment in PPG at
Q = 22.2 mm3/s, V = 11.6 mm/s.
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was observed. An image of this ribbing defect is shown in Figure 6.5c. The critical velocity for
the onset of ribbing for different volume flow rates of Silicone5 through the slot die coating head
is also shown in Figure 6.4. For the case of the Silicone30 fluid, which is six times more viscous
than Silicone5 fluid, the coating defect were found to evolve as breaklines as shown in the image
presented in Figure 6.5d. Unlike Silicone5 fluid, no ribbing defect was observed at large velocities.
However, the defect evolves to air entrainment at large velocities as shown in the Figure 6.5e. For
the low viscosity PPG fluid, the coating defect outside the operating window is a combination of
large irregular ribs and isolated dewetting spots as shown in the images in Figure 6.5e and 6.5f.
Note that the high viscosity Newtonian silicone oils and the PPG fluids have slightly different static
contact angles with the PET substrate. This difference can influence the operating window. It is
possible that the silicon oil could be slightly less stable due to their larger advancing contact angle
(183). However, when the Newtonian PPG and silicone oil experiments are renormalized using
the Capillary number and plotted against film thickness, as we will discuss in the next section, the
effect of contact angle does not appear to be important as all data appears to follow a consistent
trend.
6.3.2 Non-Newtonian fluids
In order to examine the effect of shear-thickening on the operating window, slot-die coating
measurements were performed on a series of fumed silica nanoparticle dispersions in PPG with
varying silica concentration ranging from 5 to 10 wt%. The volume flow rate of the fluid through
the slot-die coater head versus the critical web velocity for the onset of coating defect is shown
in Figure 6.6 for these non-Newtonian test fluids and the pure PPG for reference. For all con-
centrations, the critical velocity for the onset of defect increased with increasing flow rate. As
the particle concentration was increased from 0 wt% up to 7.5 wt%, the critical web velocity was
observed to decrease by a factor of more than three. Increasing the particle concentration beyond
7.5 wt% concentration, was found to only slightly decrease the critical web velocity for the onset
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Figure 6.6: a) Flow rate, Q versus critical velocity for the onset of defect, Vc and b) viscosity,
η(γ˙c =Vc/H), versus critical velocity for the onset of coating defect,Vc for a series of fumed silica
dispersions in PPG at a coating gap of 0.25 mm. The data include a series of particle concentra-
tions: (D) 0 wt%, () 5.0 wt%, (©) 7.5 wt% and () 10 wt%. Symbols correspond to the data
points presented in the operating window for different particle concentrations. The coating defects
beyond the critical velocities are labeled as AE for air entrainment and Rib for ribbing.
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of defect. The overall decrease in the critical web velocity for the onset of the coating defect with
increasing particle concentration at any given flow rate suggests that the addition of particles has a
negative impact on the size of the operating window. However, it is important to note that as seen
in Figure 6.2 adding fumed silica particles to PPG increases the viscosity of the fluid. As shown for
Newtonian fluids in Figure 6.4, it is known that increasing the viscosity of the test fluid destabilizes
the coating window by reducing the critical web velocity for coating defect to appear. Here the
fluids are non-Newtonian and the fluid viscosities are not constant, but depend on the shear-rate
within the slot-die and in the coating gap between the slot-die head and the moving web.
The shear rate between the slot-die head and the moving web depends on both the volume flow
rate of fluid and the velocity of the moving web. If we assume all the fluid is deposited on the web






















The viscosity η(γ˙avg) of each fluid is presented in Figure 6.6b evaluated at the average shear
rate between the die and the moving web at the critical web velocity and the volume flow rate
conditions associated with the onset of coating defect in Figure 6.6a. This data is presented so
that the correlation of fluid viscosity to the trends in operating window can be examined for each
different nanoparticle dispersions. For 5 wt% case, the critical shear rate at the onset of the coating
defect are well into the high shear rate constant viscosity regime and do not vary much with the
web velocity. For the concentration beyond 5 wt%, the critical shear rates at the onset of defect
were all well into the shear-thickening regime. At those processing conditions, the 10 wt% case
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Figure 6.7: Images of ribbing defect for a series of fumed silica dispersions in PPG outside the
operating window for a coating gap of 0.25 mm. The images include for particle concentrations of
a) 5 wt% at Q = 22.2 mm3/s, V = 12.7 mm/s b) 7.5 wt% at Q = 22.2 mm3/s, V = 14.4 mm/s and c)
10 wt% Q = 22.2 mm3/s, V = 13.5 mm/s.
pure PPG case. As seen for the Newtonian fluids in Figure 6.4, increased viscosity is known to
reduce the coating window. The question we would like to answer is whether these variation can
be explained by increased viscosity alone or whether shear thickening and the variation of fluid
viscosity across the gap fundamentally change the stability window and the dynamics of coating
defect.
The images of different coating defects presented outside the operating window for the non-
Newtonian fluids are shown in Figure 6.7. As described previously, at zero particle concentration,
the coating defect outside the operating window appear as a combination of irregular bands and
large dewetted regions or spots across the web. As the particle concentration was increased, the
coating defect evolves to more uniform ribs with periodic patterns of dry and wet regions across
the web. This ribbing instability is shown in the images in Figure 6.7 for the three different particle
concentrations. The ribbing instability is one of the most commonly observed defect in coating
flows for both Newtonian and viscoelastic fluids (184; 185; 186; 187; 188; 189; 190; 191; 184;
156). The mechanism of ribbing has been extensively investigated in literature, both theoretically
(185; 192; 186) as well as experimentally (184; 156; 190). The ribbing evolution is commonly
related to Saffmon-Taylor instabilty, a free surface flow instability where a fluid film splits in
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Figure 6.8: Time series of images of evolution of the ribbing instability of 10 wt% silica in PPG
dispersions at a flow rate of 16.6 mm3/s and web speed of 6.5 mm/s at a coating gap of 0.1 mm.
The images include a) stable coating at t = 0 s b) the upstream meniscus approaching the feed exit
at t = 0.46 s, c-f) air fingers evolution at feed exit and propagation as ribbing downstream for t >
1.63 s.
evolution of the observed ribbing instability for the 10 wt% shear-thickening fluid is shown in
Figure 6.8 as a series of images with increasing time for a constant volume flow rate and web
speed. As the web velocity is increased, the upstream meniscus approaches the feed exit and air
fingers evolve from the feed exit. These air fingers propagate further downstream, without breaking
up into air pockets, evolving to a periodic array of stable long fluid stripes across the web separated
by lanes of dry webbing. This evolution of ribbing is similar to reported by Romero et. al (156)
for the case when no vaccum is applied upstream. However, they show that when a vacuum is
applied at the upstream, the upstream meniscus is stabilized and the ribbing instability evolves
instead from the downstream meniscus with air fingers invading the coating bead.
We have further examined the intensity of the ribbing defect outside the operating window
by comparing between different fumed silica concentrations in order to study the sensitivity of the
instability to the fluids rheology and the strength of the shear-thickening behavior. From Figure 6.7,
it is clear that as the particle concentration is increased, the intensity of the ribbing also increases
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Figure 6.9: Ribbing defect parameters, a) normalized mean thickness of the wet rib, dw = d/L, and
b) number of wet ribs across the web, as a function of web velocity, V - Vc, at a flow rate of 22.2
mm3/s for (©) 7.5 wt% and () 10 wt% fumed silica dispersion in PPG.
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with, the thickness of the wet ribs decreasing and the number of ribs increasing. These observations
can be quantified as a function of web velocity and are compared between 7.5 wt% and 10 wt%
concentrations at a fixed volume flow rate and increasing web velocity in Figure 6.9. The width of
the dry and wet ribs and their placement across the web was not completely uniform, as a result
error bars which quantify the experiment to experiment fluctuations are placed over the data in
Figure 6.9a. Due to the rib pattern variations across the film, it was determined that the periodicity
or wave number of the ribbing was not the appropriate variable to quantify. Instead, we present
the number of wet ribs across the web in Figure 6.9b in addition to the mean thickness of the
wet ribs. For both concentrations, with increasing velocity the mean thickness of wet rib was
found to decrease while the number of wet ribs were found to increase. At any given velocity, the
mean thickness of the wet ribs is lower for 10 wt% fumed silica dispersion compared to 7.5 wt%
case and the number ribs is larger. These observations suggest that increasing shear-thickening
behavior maximizes the intensity of ribbing instability by not only driving the instability to lower
critical web velocity but by increasing the number of ribs and the rate of change of rib width with
increasing web speed.
Previous studies on dilute particle dispersions have reported that, when the coating defect is air
entrainment, the addition of particles to a coating fluid improves the coating window (174; 175;
177). However, in the case of fumed silica nanoparticle dispersions in PPG the coating defect
is ribbing, where the ribbing instability is known to occur due to large adverse pressure gradient
(193), a different mechanism compared to air entrainment, which is commonly associated with
a failure of dynamic wetting contact line (172; 194; 182). Lin et al. (177) have examined the
influence of particle addition when the coating defect was ribbing. The addition of particles was
not found to have any significant impact on operating window, however the observations were
based on limited range of particle concentrations. In all their experiments the viscosity was quite
low and Newtonian. Here shear thickening plays a significant role in the stability of the coating.
130
















 t N 
C a p i l l a r y  n u m b e r ,  C a
Figure 6.10: Normalized minimum wet thickness, tN , as a function of capillary number, Ca, for
a series of test fluids. The data include a series of fumed silica dispersions in PPG with different
particle concentrations: (D) 0 wt%, () 5.0 wt%, ( ) 7.5 wt% and () 10 wt%. The data for
Newtonian silicone oils of viscosities (/) η = 5 Pa.s and (4) η = 30 Pa.s is also included. The
capillary number is evaluated as, Ca = η(γ˙c)Vc/σ , where γ˙c =Vc/H. The dotted line is a fit to the
Newtonian fluid response using a viscocapillary model given in Eq.6.3.
One way to clearly see the effect of non-Newtonian viscosity on the stability of slot die coating
is to study the operating window by plotting the minimum wet thickness, t, as a function of the
dimensionless capillary number, Ca = ηVc/σ . The capillary number is the dimensionless ratio
of viscous to capillary forces. For the non-Newtonian nanoparticle dispersions, the shear-rate-
dependent viscosity, η(γ˙), will be used to evaluate the viscosity where γ˙ will be the average shear
rate given in Equation 6.2. As a result, Ca = η(γ˙)Vc/σ . The minimum wet thickness is calculated
from conservation of mass to be, t = Q/(VcL), where L is the length of the die. The wet film
thickness is commonly normalized with coating gap to form a dimensionless film thickness, tN =
t/H. The normalized minimum wet thickness, tN , as a function of capillary number is presented in
Figure 6.10 for all three particle dispersions and the Newtonian silicone fluids which were chosen
because they had similar viscosities. At low capillary number regime, Ca << 1, where capillary
forces are important compared to viscous forces, the minimum wet thickness was found to increase
with increasing capillary number. This behavior is consistent with what has been reported in
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literature and is commonly classified as regime I behavior of minimum wet thickness variation
with increasing capillary number (10; 166). Following Carvalho et al. (163), the Newtonian fluid







where n is fit parameter found to be, n = 0.21. Based on theory (163), n = 0.65 for a low-flow limit
condition, where a vacuum is applied at the upstream of the coating bead. This predicts a lower
minimum wet thickness values compared to our experiments. This deviation is expected because
we did not apply a vacuum at the upstream of the coating bead in the experiments here and is
consistent with other group’s findings (4; 195). For this low capillary number data, it is clear that
the shear thinning of the 5 wt% solution has a detrimental effect on the coating stability. Due to
shear thinning, a thin film cannot be easily deposited on the web. As seen in Figure 6.10, a film
with a minimum coating thickness that is nearly twice large as that of the Newtonian fluid can
only be deposited before the film becomes unstable. This is dramatic increase that only becomes
evident when the effect of viscosity is removed by plotting the data as a function of shear rate
dependent capillary number. For the larger capillary number regimes the particle concentrations
in the dispersions are greater than > 7.5 wt% and shear thickening of the viscosity is observed.
With increasing capillary number, the relative importance of viscous forces compared to capillary
forces increases. As can be seen in Figure 6.10, the results in the high capillary number regime
for Newtonian fluids show that the minimum wet thickness is not strongly dependent on capillary
number. In this capillary number regime, the value of the normalized film thickness increases
slowly from tN = 0.44 to tN = 0.55. This behavior is consistent with the high capillary number
limit observed for Newtonian fluids in the past (10; 7; 160; 161). Note now that unlike the 5 wt%
shear-thinning case for which the complex fluid rheology destabilized the coating, for the shear-
thickening fluids, once the effects of Newtonian viscosity increase is accounted for through the
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shear rate-dependent capillary number, shear thickening appears to stabilize the coating window.
For the 10 wt% solution, this corresponds to a reduction in minimum coating wet film thickness of
12 % on average for a given capillary number. For the 7.5 wt% system, the wet film thickness is
decreased by 8 % due to shear thickening. The deviation in the case of shear-thinning and shear-
thickening fluids, compared to Newtonian fluids, suggests that the viscosity variation of the fluid
associated with changes in local shear rates across the coating gap, can have an important influence
on the stability of the coating.
6.3.3 Effect of coating gap
As seen in Figure 6.2 the shear-thickening fluids used here have quite a complex rheology.
They shear-thin at low shear rates, shear thicken at moderate shear rates and shear thin again at
large shear rates. By varying the coating gap, the range of experimentally accessible shear rates can
be varied as seen in Equation 6.2 while simultaneously studying the impact of coating gap. Here
we focused the gap dependent tests on the 10 wt% solution and the 30 Pa.s silicone oil for a range
of coating gaps between 0.1 and 1 mm. The operating window constructed for the both the fluids is
shown in Figure 6.11a. For both the Newtonian and non-Newtonian fluids the critical velocities for
the onset of defect was found to increase with decreasing the coating gap. This was consistent for
all flow rates tested. This observation demonstrates that decreasing the coating gap allows one to
deposit thinner films on the web and work at much higher speeds there by expanding the operating
window. For the Newtonian fluid, the coating defects outside the operating window at all gaps
were found to be breaklines. The effect of coating gap on the operating window for Newtonian
fluids is consistent with reported in literature for the case of Newtonian fluids (10; 7; 180).
The effect of coating gap on the shear-thickening fluid shown in Figure 6.11a was found to be
slightly more profound than for the Newtonian fluid. At the largest coating gap, H = 1 mm, the
critical web velocities were found to be lower, by as much as 7%, for the 10 wt% shear-thickening
fluid compared to the Newtonian oil. However, as the coating gap was decreased to 0.5 mm and
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Figure 6.11: a) Flow rate, Q, versus critical velocity for the onset of defect, Vc, for 10 wt% fumed
silica dispersion in PPG (filled symbols) and silicone oil with η = 30 Pa.s (hollow symbols) at
different coating gaps and b) Shear viscosity, η(γ˙) versus critical velocity for the onset of defect,
Vc, for 10 wt% fumed silica dispersion in PPG and (?) Newtonian silicone oil for different coating
gaps. The data include for different coating gaps: (7) 0.1 mm, () 0.25 mm, ( ) 0.5 mm and
(N) 1 mm. The viscosity evaluated based on shear-rate in coating gap given by γ˙c = Vc/H is
shown in filled in symbols and for viscosity evaluated based on shear-rate in slot-gap given as γ˙g
= 6Q/(LW 2) for 1 mm coating gap is shown in half shaded symbols, where W and L are slot-gap
width and slot-die length. The coating defects beyond the critical velocities are labeled as AE for
air entrainment, BL for breaklines and Rib for ribbing.
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5 mm 5 mm
Figure 6.12: Images of coating defect at different coating gaps for 10 wt% fumed silica dispersion
in PPG. The images include for coating gaps of a) 0.1 mm at Q = 22.2 mm3/s, V = 10.2 mm/s, b)
0.5 mm at Q = 36.1 mm3/s, V = 8.3 mm/s.
below, the impact on the critical web velocities was found to change sign and the critical velocity
became larger than that measured for the Newtonian fluid resulting in films with smaller minimum
wet thickness. In fact, for the H = 0.1 mm gap, the critical web velocity was measured to be 18%
larger for the shear-thickening fluid compared to Newtonian fluid. Further, the type of coating
defect observed beyond the critical web speed was also found to be sensitive to the coating gap.
The images of the coating defect outside the operating window for the 10 wt% shear-thickening
fluid at different gaps are show in Figure 6.12. For coating gaps equal to H = 0.25 mm and below,
the coating defect was found to be ribbing. While for coating gaps of H ≥ 0.5 mm the coating
defect was found to be air entrainment. Note that for the Newtonian fluid, the coating defect at all
gaps was found to be breaklines.
Additionally, the minimum wet thickness as a function of capillary number at different coating
gaps was also studied for both Newtonian and 10 wt% shear-thickening fluid and is presented in
Figure 6.13. The capillary number was calculated using a shear-rate-dependent viscosity, η(γ˙),
where the average shear-rate in coating gap, γ˙c, was given in Equation 6.2. At all gaps, for both
shear-thickening and Newtonian fluid, the minimum wet thickness did not change significantly
with increasing capillary number. With decreasing coating gap from H = 1 mm to 0.1 mm the
minimum wet thickness was found to decrease for both shear-thickening and Newtonian fluids.
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Figure 6.13: Minimum wet thickness, t, as a function of capillary number, Ca, for 10 wt% fumed
silica dispersion in PPG (filled symbols) and silicone oil with η = 30 Pa.s (hollow symbols). The
data include for different coating gaps: (7) 0.1 mm, () 0.25 mm, ( ) 0.5 mm and (N) 1 mm.
The capillary number is evaluated as, Ca = η(γ˙)Vc/σ , where the data evaluated using γ˙ = Vc/H
is shown in filled symbols and for data evaluated for 1 mm coating gap using γ˙ = 6Q/(WL2) is
shown in shaded symbols.
This observation is consistent with the reported in literature for Newtonian fluids (5; 10). For coat-
ing gaps below H = 1 mm, the minimum wet thickness of shear-thickening fluid was similar to
the Newtonian fluids at lower capillary numbers and slightly lower by as much as 8 % at higher
capillary numbers. This is quite different from H = 1 mm coating gap, where the minimum wet
thickness of shear-thickening fluid was found to be larger than the Newtonian fluid by approxi-
mately 8 %. Furthermore, because the average shear-rates within coating gap for the H = 1 mm
placed the viscosity well within the shear-thinning regime, the resulting capillary number calcu-
lated for the shear-thickening fluid appears shifted to a lower capillary number by more than an
order of magnitude than the Newtonian fluid.
One explanation for the disagreement in the critical capillary number between Newtonian and
shear-thickening fluid for the H = 1 mm coating gap could be that we are using inappropriate shear
rate to evaluate the shear rate dependent viscosity. The fluids are also sheared within the slot-die
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geometry prior to being ejected into the coating gap. The apparent shear-rates in the slot gap is
given by HagenPoiseuille flow as, γ˙g = 6Q/(WL2) (196). For the thin coating gap experiments,
this shear rate is much smaller than the shear rate between the die and the moving web. As a result,
the effect of pre-shear in the slot gap can be ignored. For the H = 1 mm gap, the shear rates in
the die are quite large and dominate the coating dynamics. The viscosity based on the shear-rates
calculated based on slot die gap, η(γ˙g), and the coating gap, η(γ˙c), are shown in Figure 6.11b for H
= 1 mm gap. As seen in Figure 6.11b for a coating gap of H = 1 mm, the shear-rates calculated in
the slot gap, η(γ˙g), were found to be in the shear-thickening regime while the shear-rate dependent
viscosity in the coating gap, η(γ˙c), was found to be in the shear-thinning regime. Thus the fluid
exiting the slot die has thickened and as it passes through the coating gap it will thin with time
and accumulated strain by more than an order of magnitude. The capillary number calculated
based on shear-rate dependent viscosity in the slot gap, η(γ˙g), is overlayed onto Figure 6.13 for
a coating gap of H = 1 mm. The data is shifted to much larger capillary numbers, close to the
Newtonian cases which suggests η(γ˙c) is the appropriate viscosity to use when calculating the
capillary number in this case. Finally note that for the H = 1 mm gap case the minimum wet
thickness is larger for shear-thickening case compared to Newtonian fluid. This is similar to the
observations for shear thinning fluids as seen in Figure 6.10. This makes some intuitive sense.
For shear thinning fluids the viscosity is lowest at the walls where the shear rate is highest and
the viscosity is largest in the middle of the flow where the shear rate goes to zero. This viscosity
variation leads to destabilization. The variation in viscosity for a shear thickening fluid is inverted
with maximum viscosity along the walls. The result is a flow stabilization. For the case where
the fluid shear thickens in the die, the viscosity distribution in the coating gap will be similar to
the shear thinning fluid with the maximum viscosity in the middle of the flow and lower viscosity
near the wall. This is because the fluid enters the coating gap at high viscosity. The fluid near the
walls experiences a lower shear rate and thins. The fluid at the center is not sheared. As a result,
its viscosity decays quite slowly, remaining high as it passes through the coating gap.
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6.4 Conclusions
We have investigated the impact of non-Newtonian behavior, namely shear-thinning and shear-
thickening, on the slot die coating process. A model shear-thickening fluid, fumed silica nanopar-
ticles dispersed in polypropylene glycol, was used. The dispersions exhibit shear and extensional
thickening behaviors characterized through steady shear and capillary break-up measurements. A
series of particle dispersions with concentrations ranging upto 10 wt% was studied. Three Newto-
nian fluids were also tested for comparison with shear-thickening fluids. The critical web velocity
for the onset of coating defect for different flow-rates was measured. And the type of coating de-
fect outside the operating was visualized through high speed camera. With increasing the particle
concentration, the critical web velocity for the onset of coating defect was found to decrease for
any given volume flow rate of the fluid, suggesting that shear-thickening of the fluid has a neg-
ative impact on the size of the operating window. At all concentrations, the coating instability
was found to be ribbing. The ribbing instability was found to evolve from upstream of the coat-
ing bead between the slot-die and the substrate. The intensity of ribbing instability was found to
increase with increasing shear-thickening magnitude or the particle concentration. The minimum
wet thickness as a function of capillary number was also studied. A deviation in the minimum
wet thickness behavior was observed when compared between non-Newtonian and Newtonian flu-
ids. The shear-thinning fluid was found to destabilize coating resulting in a larger minimum wet-
thickness, conversely shear-thickening resulted in a smaller minimum wet thickness compared to
Newtonian cases and a stabilized coating. The effect of shear-thickening was additionally exam-
ined by conducting tests with varying coating gap. For both Newtonian and shear-thickening cases,
increasing coating gap delayed the critical web velocity for onset of the coating web and resulted
in smaller minimum wet thickness. From tests at different coating gaps, the coating stability for
shear-thickening fluids was found to be more sensitive to coating gap than Newtonian fluid. At
very large gaps, the stability of the coating was found to be affected by the shear thickening of the
fluid in slot die gap prior to entering coating gap. The shear-thickening of the fluid in the coating
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gap was found to stabilize the coating resulting in smaller minimum wet thickness compared to
coatings of Newtonian fluids. Conversely, shear-thinning in the coating gap was found to desta-
bilize the coating resulting in a larger minimum wet thickness compared to Newtonian case. The
study demonstrates that the non-Newtonian behavior can significantly impact the stability of the
slot-die coating process beyond what can be accounted for by simply normalizing the data with the
appropriate capillary number.
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The thesis presented studies on both the rheological behavior of shear thickening particle dis-
persions and the impact of rheology on roll to roll coating and printing behaviors. In chapter two,
a study on the non-linear viscoleastic behavior of three shear thickening particle dispersions which
differ in their shear thickening mechanism was presented. The first material FLOC shear-thickens
due to shear-induced formation of particle clusters flocculated by polymer bridging. The second
system HydroC, shear-thickens by the formation of hydroclusters. The third system JAM shear-
thickens by jamming mechanism. At large strain amplitudes, both HydroC and JAM have showed
strong strain/strain-rate stiffening and strain/strain-rate thickening behaviors associated with hy-
droclusters formation and the inter-particle jamming mechanisms. The viscous non-linearities of
HydroC and JAM were found to present strain and strain-rate thickening. While the FLOC, in
contrast, was found to show strain/strain-rate softening elastic non-linearity and strain/strain-rate
thinning viscous non-linearity at large strain amplitudes, which are associated with microstructure
yielding. The viscous non-linearity is quite different from the steady-shear behavior of FLOC
where a shear thickening was observed, even though the critical strain-rates necessary for strain-
thickening are achieved. This observation suggested that a very large strains are required for strain-
thickening to occur by the associated shear-induced polymer bridging mechanism, incontrast to the
mechanisms of HydroC and JAM systems.
In the third chapter, a study on the elongational rheological behavior of shear-thickening fumed
silica nanoparticle dispersions in an aqueous polyethylene oxide (PEO) solutions was presented.
The effect of particle concentration, polymer concentration and polymer molecular weight on
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both shear and elongational behavior of fumed silica dispersions were investigated. A maximum
shear thickening was found to occur at an optimum polymer concentration and polymer molecular
weight. The shear-thickening behavior was attributed to the formation of hydroclusters resulting
from the polymer-particle bridging induced by the imposed shear flows. The effect of particle
concentration and polymer concentration on the strain-hardening behavior in extensional flow was
found to be qualitatively similar to shear thickening. The similarity in the fluids response under
shear and extension indicated a similar underlying physical mechanism associated with polymer-
particle bridging. However, the magnitude of strain-hardening was found to be significantly larger
than the shear thickening. In the study of the effect of polymer molecular weight in extensional
flow, the strain hardening behavior monotonically increased with increasing polymer molecular
weight. This is in contrast to steady-shear behavior where a maximum in shear thickening mag-
nitude was observed at an optimum polymer molecular weight. This observation indicated the
significant role of polymer elasticity in the elongational behavior at higher polymer molecular
weight that predominates the hydrocluster mechanism in the shear-thickening behavior.
In the fourth chapter, the impact of shear-thickening rheology on the liquid transfer behavior in
gravure printing was studied. At low velocities, where the process strain rates are below the critical
shear rate for shear-thickening, the pickout behavior is qualitatively similar to that of Newtonian
fluids. At moderate velocities, the pickout exhibits a local extremum associated with persistence
of long stable filaments due to extensional-thickening; the pickout is maximal when assisted by
gravitational drainage (cavity-on-top) and vice versa. At high velocities, the filaments evolve into
conical shapes due to shear-thinning. In this regime, the pickout is insensitive to velocity variation
and is also unaffected by gravity. Computations predicted well the final pickout results when using
a generalized Newtonian fluid model fitted to the measured shear viscosities. The study demon-
strated a sound basis for optimizing the liquid transfer fraction during a gravure printing process,
namely to ensure coating speeds that avoid certain regimes in the shear-viscosity function where
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a) rate-thickening induces viscous stabilization and b) rate-thinning induces yield-like behavior
resulting in a high fraction of liquid stuck in the cavity.
In the fifth chapter, the gravure printing flow was modeled as both pure shear and a combination
of shear and extensional was investigated. The study was presented for both shear thickening as
well as for a visoelastic fluid case. The pickout behavior of the shear thickening fluid resulting from
a pure shear field was found to exhibit a qualitatively similar trend to that of the extensional pickout
although the pickout fraction was significantly smaller. Superposition of shear and extensional
flow was found to initially improve pickout by driving the overall deformation rate higher and
introducing an asymmetry in the gravure cell dewetting. At large rates, shear negatively affected
pickout by causing an early onset of extensional thinning. In viscoelastic fluids, thickening of the
extensional viscosity was found to enhance both the pure shear-induced pickout as well as the pure
extensional-induced fluid pickout, with the shear-induced pickout relatively smaller compared to
the extensional-induced pickout.
In the final chapter, the impact of non-Newtonian behaviors, shear-thinning and shear-thickening,
on the slot die coating process was investigated. With increasing the particle concentration, the
critical web velocity for the onset of coating defect was found to decrease for any given volume
flow rate of the fluid, suggesting that shear-thickening of the fluid has a negative impact on the
size of the operating window. The coating instability was found to be ribbing, with the intensity
of the instability increasing with shear-thickening magnitude. The minimum wet thickness as a
function of capillary number was also studied. A deviation in the minimum wet thickness behavior
was observed when compared between non-Newtonian and Newtonian fluids. The shear-thinning
fluid was found to destabilize coating resulting in a larger minimum wet-thickness, conversely
shear-thickening resulted in a smaller minimum wet thickness compared to Newtonian cases and
a stabilized coating. The investigations from this thesis on the rheology of particle dispersions
and their processing in coating and printing technologies, could offer valuable guidelines towards
formulation of non-Newtonian inks and coating fluids for roll to roll processing technologies.
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